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Synopsis
Minimal research has been conducted to date on how to analyse weakened columns, thus safety
risks are still involved when structures are weakened prior to demolition. There are various
methods to demolish steel structures. One of the most effective methods that has been developed
involves pre-cutting the steel columns at a certain height, so that the least effort can be used to
demolish the structure by means of pulling out some of the columns. The aim of this research
project is to design an experimental setup for axial loaded weakened columns which can be used
to develop a finite element (FE) model and propose a design method for two pre-cuts that are
being used in practice. The two pre-cuts that will be presented in this research are the double
window cut and the triangular window cut.
For the experimental investigation all the columns tested have pinned-ended fixities. The sections
tested are a IPE160, IPE200, UB 152x152x23 and UB 152x152x30 with lengths varying between
0.6 m and 1.9 m. A column weakened with a double window cut and triangular window cut can
reduce the axial load capacity by up to 50 % and 40 %, respectively.
A finite element (FE) model is developed in this investigation to determine the axial load capacity
of a weakened column and the behaviour thereof. A thorough sensitivity study is carried out
on factors such as the mesh size, load increments and the initial geometric imperfection during
the development of the numerical model. The assumptions made during the development of the
FE model are validate by the tests conducted and the steel design codes, which includes the
SANS 10162-1:2011 and the EN 3-1-1:2005 design codes. The FE models can predict the axial
failure load of weakened columns for a double window cut and triangular window cut within
an accuracy of less than 7 % and 10 %, respectively. The FE models also indicate that global
failure will govern the failure at a slenderness higher that 85.
The objective for the design method proposed is to develop a method that can be easily applied
in practice, but is still conservative. The method is based on sub-columns that develops within
the column. From the FE model it is shown that both moments and axial forces develop in the
sub-columns. The moment observed in the sub-column is between 50 and 60 % of the moment
capacity. However, the moments that develop in sub-columns are unknown in practice, thus
is it essential to obtain a method that can exclude the moment. It was found that the axial
load capacity of the weakened column can safely be determined if the axial load is reduced to
a certain proportion to the capacity of the sub-column. Thus, reduced axial capacity factors
(RACF) are proposed for two design codes, SANS 10162-1 and EN 3-1-1.
ii
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Samevatting
Minimale navorsing is gedoen tot op hede oor hoe om verswakte kolomme te analiseer, dus is daar
veiligheidsrisiko’s betrokke by strukture gedurende die verswakking proses voor die struktuur
gesloop word. Daar is verskeie metodes om staalstrukture te sloop. Een van die effektiefste
metodes wat ontwikkel is behels staalkolomme wat vooraf gesny word op ’n seker hoogte, sodat
minimale werk gedoen moet word, deur middel van ’n paar kolomme uit te trek, om die struktuur
te sloop. Die doel van hierdie projek is om ’n eksperimentele opstelling te ontwerp vir asiele
gelaaide verswakte kolomme wat gebruik word om ’n eindige element (FE) model te ontwikkel
en ’n ontwerp metode voor te stel vir twee snitte wat meestal gebruik word in die praktyk. Die
twee snitte wat in die navorsing projek behandel gaan word, is die dubbel venster snit en die
driehoekige venster snit.
Vir die eksperimentele ondersoek is al die kolomme getoets met ’n eenvoudige kolom konneksie.
Die staal profiele wat getoets is, is ’n IPE160, IPE200, UB 152x152x23 en ’n UB 152x152x30 met
lengtes wat wissel tussen 0.6 m en 1.9 m. ’n Kolom wat verswak is met ’n dubbel venster snit
en driehoekige venster snit kan die aksiale kapasiteit verlaag met 50 % en 40 %, onderskeidelik.
’n Eindige element model is ontwikkel in hierdie navorsings projek om die aksiale kapasiteit
van ’n verswakte kolom en die gedrag daarvan te bepaal. ’n Deeglike sensitiwiteit studie is
uitgevoer tydens die ontwikkeling van die numeriese model op faktore soos die element grootte,
die inkrementele aksiale krag grootte en die aanvanglike geometriese imperfeksies. Die aannames
wat gemaak is tydens die ontwikkeling van die FE model is gevalideer deur die eksperimentele
toetse en die staal ontwerp kodes, wat die SANS 10162-1:2011 en die EN 3-1-1: 2005 insluit.
Die FE modelle kan die aksiale kapasiteit van die verswakte kolomme vir die dubbel venster snit
en die driehoekige venster snit met ’n akkuraatheid van minder as 7 % en 10 %, onderskeidelik
bepaal. Die FE modelle dui ook aan dat die globale faling sal domineer vir ’n kolom met ’n
slankheid hoër as 85.
Die doel vir die voorgestelde ontwerp metode is om ’n metode te ontwikkel wat maklik in praktyk
toegepas kan word, maar is nog steeds konserwatief. Die metode is gebaseer op sub-kolomme
wat ontwikkel binne-in ’n kolom. Die FE modelle dui aan dat daar momente en aksiale kragte
ontwikkel in die sub-kolomme. Die moment wat waargeneem is in die sub-kolom is tussen 50
en 60 % van die moment kapasiteit. Die moment wat ontwikkel in die sub-kolom is onbekend
in die praktyk, dus is ’n metode nodig wat die moment kan ignoreer. Daar is bevind dat die
aksiale kapasiteit van die verswakte kolom veilig bereken kan word indien die aksiale kapasiteit
verminder word met ’n seker proporsie in vergelyking met die kapasiteit van die sub-kolom. Daar
iii
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word aksiale kapasiteit vermindering faktore (RACF) voorgestel vir beide die ontwerp kodes,
SANS 10162-1 en EN 3-1-1.
iv
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Chapter 1
Introduction
There are various methods available to demolish structures within the demolition industry ac-
cording to the NDA, (2014). One of the most effective methods developed involves pre-cutting
of the steel columns of a structure at a certain height, using different cuts. This weakens the
columns of the structure so that the least effort can be used to demolish the structure by means
of pulling out some of the columns or using explosives (NDA, 2014).
The pre-cutting of the the columns is done manually, which causes this method to have safety
implications. When a structure has been weakened too much it could collapse during the weak-
ening process. Nevertheless if a structure has not been weakened enough it would not collapse
when required (Van Helsdingen, 2012). Negligible research has been conducted up to this point
on predicting the critical loading capacity of weakened columns. The techniques used in industry
rely mostly on experience obtained form previous projects and less focused on strict theoretical
principles.
This research was originally proposed by Jet Demolition (Pty) Ltd. and will focus on determining
the axial load capacity of weakened steel columns. This is accomplished by studying the axial
load capacity of weakened columns through using an experimental investigation, finite element
(FE) models and a proposed design method.
The following sections aims to clarify the background of the investigation and describe the
problem statement. Section 1.2 and 1.3 contain the research objectives and scope presented
respectively. The research methodology follows in Section 1.4 and a research outline of the
thesis and research investigation process is presented is Section 1.5.
1.1 Background
Steel structures are demolished for different reasons. These reasons include: to remove damaged
buildings due to fire or other events, to make way for new developments, or because buildings are
no longer safe to use. There are different types of demolition which include interior, explosive,
industrial and commercial demolition (NDA, 2014). Interior demolition involves non-structural
demolition of spaces inside a structure in preparing for upgrading of the space. This type of
demolition includes interior walls, ceilings, some utility services and the flooring. The use of
1
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explosives to demolish a building is a relatively small part of the demolition industry. This is
due to an in-depth knowledge that is require of the behaviour of structure as it is demolished,
the usage of the explosives and safety issues. However, this method is very effective and time
efficient. Industrial demolition is the dismantlement of structures of facilities used in the pro-
duction of goods. This is suitable for oil refineries, chemical plants and manufacturing facilities.
Commercial demolition includes partial or complete dismantlement of commercial properties
such as shopping malls, hotels and office buildings (NDA, 2014).
The demolition video screen-shots (Walls, 2012) in Figure 1.1 illustrates a furnace structure in
Cape Town that was demolished by Jet Demolition (Pty) Ltd. The structure was weakened
through applying pre-cuts to the columns and the beams, however the furnace can be seen to
remain in its original position. Some of the pre-cuts are shown in the circles in Figure 1.1a. The
middle columns of the structure were then pulled out using steel cables as seen in Figure 1.1b.
This caused the structure to fail as seen in Figure 1.1c. This process demonstrates the current
industry approach to the demolition of steel structures.
(a) (b) (c)
Figure 1.1: Furnace demolition process (Walls, 2012)
1.2 Research objectives
The following research objectives can be identified:
• To develop an understanding of how structures are demolished.
• To identify methods and theory currently in use to determine the load capacity of weakened
columns.
• To investigate how to apply steel design codes (SANS 10162-1:2011 and the EN 1993-1-
1:2005) to develop a simplified prediction of the load capacity.
• To develop an experimental setup for weakened steel columns.
• To develop a FE model that is able to accurately simulate the behaviour of a weakened
steel column.
W.J. van Jaarsveldt Stellenbosch University
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• To develop a design method to determine the axial load capacity.
• To compare the experimental results, FE models and the design method.
• To identify the accuracy to which the pre-cut column failure loads can be predicted by
means of the FE model and the theoretical method.
1.3 Scope and limitations
The variety of support conditions a column can experience means that there is a large number of
possible structural configurations. Therefore, for this investigation only columns that are simply
supported about the weak axis were considered.
The experimental work carried out during this investigation was conducted on the following
sections:
• IPE160
• IPE200
• UB 152x152x23
• UB 152x152x30
The length of theses columns varied between 0.6 m and 1.9 m to ensure that most of the
slenderness ratio (L/r) was covered. These sections are large enough for the use in practice, but
also small enough to not exceed the axial compression limit of the available testing equipment
(2 MN Instron - hydraulic actuator).
There are varies types of column pre-cuts in the industry that can be applied to weakened
columns, see Figure 1.2. Each of these cuts can be used in combination with other cuts resulting
in a large amount of possibilities to weaken columns. This study will only analyse the double
window cut and triangular window cut individually, as shown in Figure 1.2a and 1.2b. These
cuts are mostly used in industry and will have the greatest effect on the capacity of columns. A
total number of 45 tests were carried out in Chapter 3, which were used to setup (FE) models,
see Chapter 4, and derive a design method, see Chapter 5.
W.J. van Jaarsveldt Stellenbosch University
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(a) Double win-
dow cut
(b) Triangular
window cut
(c) Circular
window cut
(d) Flange cut
top and bottom
(e) V-cut top
and bottom
Figure 1.2: Varies pre-cut types used in industry (Van Helsdingen, 2012)
1.4 Research methodology
This section presents the research methodology and hypothesis for this thesis. The research
consists of experimental investigations, Finite Element Analyses (FEA) and a proposed design
method to determine the axial failure load for each of the cuts. To achieve the proposed objectives
presented in Section 1.2, a structured approach will be followed. This can be broken up into five
different stages:
1. Conduct a thorough literature review in order to determine and quantify potential variables
that could influence the experimental design, the FE models and the design method.
2. Develop an experimental setup which will provide insight into the behaviour of weakened
columns and will be used to validate the FE models and the design method.
3. Develop a FE model that is able to simulate the behaviour and predict the axial load
capacity of a weakened steel column.
4. Develop a design method, that can be used in practice, to safely determine the axial
capacity of a weakened steel column.
5. Compare the experimental results to the FE model results and the design method.
W.J. van Jaarsveldt Stellenbosch University
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1.4.1 Experimental testing
A full scale experimental programme, comprising of two different cuts was devised to study the
behaviour of a column when it has been weakened. The experimental results is used to validate
the FE model and the design method. A total of 45 tests were carried out, which consisted of a
control for each section and the two cuts per section loaded vertically. The deliverables of the
experimental work are to:
1. Study the behaviour of a simply supported weakened column.
2. Validate the assumptions made during the development of the FE model and the theoretical
method.
3. Add to the database of existing experimental results concerning weakened steel columns.
1.4.2 Finite element analysis (FEA)
It is not possible to test all available types of sections and cuts, on the other hand with a
validated FE model various configurations can be investigated. The FE model will be validated
by taking into consideration the initial imperfection, material properties, boundary conditions
and loading effect. The deliverables for this model are to:
1. Accurately simulate the behaviour of the weakened steel columns.
2. Predict the axial load capacity of the weakened columns, taking into account the material
properties, initial geometric imperfections, boundary and loading conditions.
The FE model can be used for further investigations of weakened steel columns, applying different
cuts and other loading configurations.
1.4.3 Proposed design method
The proposed design method in this study will aim to safely determine the axial load capacity
for each of the two cuts. The results obtained for the FE models and the experiments will be
used to develop the design method. The main deliverables of the design method are to:
1. Safely determine the axial load capacity of a weakened steel column.
2. Validate the assumptions that was made to obtain the method.
3. Serve as a method that can be used in practice.
W.J. van Jaarsveldt Stellenbosch University
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1.5 Research outline
The first chapter presented a short background regarding the demolition process, where it is
use in practice and the safety risks involved. The scope of the investigation along with the
methodology followed to complete the introduction.
• Chapter 2 presents the literature review. It discusses the buckling theory through compar-
ing the steel design codes SANS 10162-1:2011 and the European 1993-1-1:2005. Previous
research that have been carried out is investigated. A detailed discussion on experimental
work and finite element modelling concerning weakened columns is also presented.
• Chapter 3 presents the experimental setup for the axially loaded steel columns.
• Chapter 4 contains the FE models developed to simulate the pre-cut sections. The as-
sumptions made for the models to behave the same as the experiments is also presented.
• Chapter 5 describes the proposed design method used to predict the critical loading capa-
city of the two different pre-cuts.
• Chapter 6 provides a comparison between the results obtained from the experimental tests,
the FE models and the design method.
• Chapter 7 concludes the thesis with a summary of the results, the concluding remarks
gathered throughout this study as well recommendation for further study.
• Chapter 7 is followed by a series of appendices, which include CAD drawings of experi-
mental setup, geometric imperfections of test specimens, the results of the tensile tests,
dimensions of cuts in test columns, axial forces in sub-columns and test results.
W.J. van Jaarsveldt Stellenbosch University
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Literature review
2.1 Introduction
This section provides information regarding current research into the testing, analysis and design
of weakened steel members. Clarification is given to help the reader appreciate the research,
introduce the terminology and providing a framework necessary to understand the consequent
chapters.
Negligible research has been carried out in this field with the majority based initially upon
the Euler buckling theory. In 2012, an analysis on weakened steel columns was completed by
Van Helsdingen, (2012) at the University of Pretoria. The tests for the report was conducted
independently at the CSIR by Jet Demolition (Pty) Ltd. This report gave a background of
the various weakening techniques that are being used in industry and the effectiveness thereof.
In 2014, the data of the experiments and the research report written by Van Helsdingen was
compared with a finite element analysis and a new design method was developed. This research
was performed by the author.
The goal of this report is to determine a method to predict the axial load capacity of the weakened
columns prior to collapse, with an acceptable level of accuracy. Initially, the theory behind
buckling and columns behaviour will be discussed, followed by an in-depth look at past research
on this topic. Previous experiments conducted on steel columns and finite element modelling
(FEM) will also be presented as a point of departure for the experimental and numerical work
that were carried out during this study.
2.2 Buckling theory
A column that buckle can be defined as a change in shape as a result of the load carrying capacity
of a member being reached. The load carrying capacity or "buckling load" can be defined as
the maximum axial force a member can withstand before a permanent change of shape occurs
(Galambos et al., 1998). Therefore, is it fundamental to understand the deformation of a
compression member during the buckling process. The weakening techniques used in this study
7
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can and do change the buckling shape and effective length of the steel column, resulting in a
decrease of the axial load capacity.
2.2.1 Stability theory and bifurcation buckling
Instability is defined according to Galambos et al., (1998) as a condition wherein a compression
member loses its ability to resist the increasing loads and results in an increase in deflection.
This instability occurs at the maximum point on the load-deflection curve. Axially compressed
columns, plates and cylindrical shells experience this type of instability. Where a perfect mem-
ber, when it is subjected to an increasing load, would initially deform in one mode and then, at
a load referred to as the critical load, the deformation suddenly changes into a different pattern,
this behaviour is known as bifurcation of equilibrium. Figure 2.1 illustrates the bifurcation point
B between O and A. If path OAC corresponds to asymmetrical deformation and BD to non-
asymmetrical deformation, then initial failure of the structure would generally be characterized
by the non-asymmetrical deformations. In cases of real structures which contains unavoidable
imperfections is there no such thing as true bifurcation buckling. The actual structure will fol-
low a fundamental path OEF, with the failure corresponding to follow through point E and the
collapse load λs (Sun et al., 1995). This form of instability could be amplified when a column
is being weakened.
λL
λC
λS
LOAD, λ
Limit load of perfect shell
A
B
E
Limit load of
F D
Bifur-
Post- C
O
cation
buckling
imperfection shell
(Computer Analysis)
Figure 2.1: Total displacement corresponding to loading (Sun et al., 1995)
2.2.2 Imperfection columns theory, P-∆ effect
Geometric imperfections, that are caused during the manufacturing process or the weakening
process, will result in the axial load being applied at a distance delta (∆), as seen in Figure 2.2.
This will induce bending as soon as the column is loaded. The maximum load is then defined
when the internal moment capacity at the critical section is equal to the external moment
W.J. van Jaarsveldt Stellenbosch University
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caused by the product of the load and the lateral deflection. Therefore, the maximum capacity
of the column is a function of the imperfection. The maximum capacity, for some types of
imperfect columns, is closely approximated by the tangent modulus load of a perfect straight
column. However, for many other columns the imperfections must be included to give a realistic
maximum capacity. In general, the maximum capacity of the column must be determined by
including both the imperfection and the material nonlinearity (Hibbeler, 2015). For this study
was it essential to include the initial geometric imperfection of the column in the finite element
(FE) models, refer to Chapter 4.
∆
P
S2M2 2
1 H1
R1
h
Figure 2.2: Sectional view of column with initial geometric imperfection (Dunaiski, 2010)
2.2.3 Critical load theory
The foundation of column theory is the Euler column, as given in equation 2.1, which applies for
a prismatic, perfectly centrally loaded, mathematically straight, pin-ended strut that is slender
enough to buckle without the stress at any point in the cross section exceeding the proportional
limit of the material. The material must remain elastic when buckling occurs (Euler, 1934).
The Euler column theory does include the initial lateral imperfections. However, it becomes
invalid as the majority of the columns buckle in the inelastic region of the stress-strain curve
(Sandifer, 2007). The Euler column theory will be used in this study as a reference to validate
the FE models and the design methods, refer to Chapter 4 and Chapter 5.
PE =
pi2EI
(KL)2 (2.1)
W.J. van Jaarsveldt Stellenbosch University
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Where:
K is the effective length factor for the compression member
L is the length of the member relating to the local x- and y-axis respectively
E is the elasticity modulus
I is the moment of inertia relating to the local x- and y-axis respectively
2.2.4 Steel Design codes
For this study was one of the main objective to propose a design method that can be applied
in practice. Therefore, is it important to understand how the buckling load is calculated for
each of the steel design codes. The design codes that will be used in this study are the SANS
1062-1:2011 and the Eurocode 1993-1-1:2005.
2.2.4.1 Flexural buckling - SANS 10162-1:2011
For a double symmetric section that conforms to the requirements of a class 3, a section that
does not experience local buckling (SABS 10162-1, 2011), the ultimate compressive capacity
of a column can be determined according to Clause 13.3.1, SANS 1062-1:2011. Initially the
non-dimensional slenderness ratio, λ should be calculated through the following equation:
λ = KL
r
√
fy
pi2E
(2.2)
Where:
E is the elasticity modulus
K is the effective length factor for the compression member
L is the length of the member relating to the local x- and y-axis respectively
r is the inertia radius of the section relating to the local x- and y-axis respectively
fy is the yield stress of the steel
The effective length factor, K is the scaling factor for the end conditions that are specified, as
seen in Figure 2.3. For "pinned-end" conditions the factor is taken as 1.0 and for "fixed-end"
conditions this factor halve to K = 0.5. The "effective length" of the columns will be verified in
this study.
W.J. van Jaarsveldt Stellenbosch University
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Figure 2.3: Effective length of compression members (SABS 10162-1, 2011)
Once the non-dimensional slenderness ratio has been calculated, the axial compressive resistance,
Cr (kN) is calculated using the following equation:
Cr = φAfy(1 + λ2n)
−1
n (2.3)
Where:
φ is the material resistance factor
A is the gross cross-sectional area of the section
n for hot-rolled n = 1.34 , fabricated structural sections; or
for doubly symmetric welded three-plate members n = 2.24
2.2.4.2 Flexural buckling - Eurocode 1993-1-1:2005
Both the codes calculate the design capacity based on the resistance of a section at the yield
stress that are reduced by material factors and a reduction due to buckling. However, the
SANS 10162-1 has only one buckling curve, see Figure 2.4, assuming that all the members have
similar geometric imperfections. The EN 3-1-1 on the other hand has five buckling curves which
accounts for varying level of geometric imperfections, through the use of a imperfection factor
(Walls et al., 2016).
Knowing that the EN 3-1-1 predicts the load carrying capacity to a greater level of accuracy
compared to the SANS 10162-1 is crucial when it comes to deriving a design method for weakened
columns. This will allow that the level of imperfection can be accurate chosen, giving a more
accurate comparison between the tested results and the theoretical results.
W.J. van Jaarsveldt Stellenbosch University
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The EN 3-1-1 calculates the compression resistance of a class 1, 2 or 3 member, sections that
does not experience local buckling, that are subjected to buckling Nb,Rd using the equation below
where χ is the reduction factor that is relevant for the buckling mode and the material factor
γM1 = 1.0 (CEN, 2005).
Nb,Rd =
χAfy
γM1
(2.4)
The reduction factor, χ, for the appropriate non-dimensional slenderness λ¯ is determined from
the relevant buckling curve according to:
χ = 1
Φ +
√
Φ2 − λ¯2
(χ ≤ 1.0) (2.5)
Where:
Φ = 0.5[1 + α(λ¯− 0.2) + λ¯2] (2.6)
And
λ¯ =
√
Afy
Ner
= Lcr
i
1
λ1
(for Class 1, 2 and 3 cross - sections) (2.7)
With
λ1 = pi
√
E
fy
(2.8)
α Imperfection factor corresponding to the appropriate buckling curve
Ner Elastic critical force for the relevant buckling mode based on the gross cross-sectional
properties of the section
Ler Buckling length in the plane considered
i Radius of gyration about the relevant axis, determined using the properties of the gross
cross-section
The imperfection factor α for each of the buckling curves can be obtained from Table 2.1 which
is used to derive the buckling curves as seen in Figure 2.4. The Eurocode allows for a variation in
the load carrying capacity depending on the quality or the out-of-straightness of the specimen.
It can also be seen that the SANS 10162-1 curve under predicts the failure stress of less slender
columns where EN 3-1-1 provides a larger spectrum of the failure stresses, allowing for a more
accurate prediction of the load carrying capacity (Walls et al., 2016).
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Table 2.1: Imperfection factors for buckling curves (Table 6.1 in EN 3-1-1) (CEN, 2005)
Buckling Curve a0 a b c d
Imperfection Factor α 0.13 0.21 0.34 0.49 0.76
Figure 2.4: Buckling curves showing a comparison between the SANS 10162-1:2011 buckling
curve and the five Eurocode 1993-1-1:2005 buckling curves for varying levels of imperfection.
(Walls et al., 2016)
2.3 Previous investigations
As previously stated, limited amount of research have been carried out in the USA, EU and the
UK in this field up to this point. There were only two reports available for this field and will be
discuss in this section.
2.3.1 Report by Van Helsdingen,2012
As previously introduced, an initial investigation on this has been carried out by a student G.C.F
van Helsdingen, (Van Helsdingen, 2012) at the University of Pretoria. This report investigated
the axial load capacity of 3 m columns that have been weakened through applying different cuts
by manual torch cutting. The analysis was based upon experimental testing conducted at the
CSIR mechanical testing laboratory by Jet Demolition (Pty) Ltd.
The objective of the report was to develop and derive theories on the reduced buckling capacity
of weakened columns. This involved using the experimental data of a specific pre-cut column
and comparing it to an uncut column (control column) of the same size and obtaining a load
W.J. van Jaarsveldt Stellenbosch University
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reduction factor. This, however, only gave a reasonable approximation of the actual axial load
capacity for a weakened column (Van Helsdingen, 2012).
2.3.1.1 Methodology
Van Helsdingens research focus was to analysis and explain the results of test data derived from
weakened column capacity test conducted on the 25th of January 2012 at the CSIR mechanical
testing laboratory. The theory used during this report was mostly based upon Euler theory,
see Section 2.2.3. Factors such as axial and shear force, bending moment was also considered
(Van Helsdingen, 2012).
Figure 2.5: Control section A1 (Van Helsdingen, 2012)
The test data received by Jet Demolition involved a semi-fixed end connection, where the rotation
around the strong and weak axis was partially restrained, as shown in Figure 3.4a. Loads were
applied to the column, using a 10 000 kN Mohr and Federhaff compression machine, until failure
occurred and the ultimate loads were recorded. These columns were obtained from demolished
buildings and accurately represented the various industry methods used to weaken columns, see
Figure 2.6 for two of the cuts that were investigated by Van Helsdingen that are applicable to
this study.
W.J. van Jaarsveldt Stellenbosch University
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(a) Tested double
window cut
60
015
0
15
0
7.5
25
0
30
(b) Dimensions for
double window cut
(c) Tested triangular
window cut
30
20
0
7.5
(d) Dimensions tri-
angular window cut
Figure 2.6: Pre-cut types(Van Helsdingen, 2012)
Table 2.2 illustrates the details on the tested sections. Each of the tests provided necessary data
on the specific weakening method. Initially were the capacity of the control sections determined
as a baseline to compare to the weakened method that was used.
Table 2.2: Steel sections analysed (Van Helsdingen, 2012)
Specimen Size of Section Length (m) Pre-cut combinations Comments
A1 H - 254x254x73 3 No cuts were made
A2 H - 254x254x73 3 3 + 5 + 6
A3 H - 254x254x73 3 1 + 6 Flanges were not cut
A4 H - 254x254x73 3 1 + 6 Flanges were cut
B1 H - 254x254x89 3 No cuts were made
B2 H - 254x254x89 3 2 + 5 + 6
B3 H - 254x254x89 3 1 + 6 Top flange not cut,
bottom flange cut
B4 H - 254x254x89 3 1 + 4
C1 I 305x165x54 3 No cuts were made
C2 I 305x165x54 3 3 + 5 + 6 Flanges were not cut
C3 I 305x165x54 3 2 + 5 + 6
C4 I 305x165x54 3 1 + 6 Flanges not cut
C5 I 305x165x54 3 4 + 7
D1 I 305x165x54 0.35 3
D2 H - 254x254x89 0.6 2
D3 H - 254x254x89 0.6 1
D4 I 305x165x54 0.35 1
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Where:
1 - is the double window cut
2 - is the triangular window cut
3 - is the circular window cut
4 - is the flange v-cut at top of column
5 - is the flange v-cut at bottom of column
6 - is the flange cut at top of section
7 - is the flange cut at bottom of section
2.3.1.2 Analysis of results
Van Helsdingen concluded the analysis of the test data by identifying each of the weakening
techniques and its experimental effectiveness. Each of the cut methods that were applied showed
a different reduction in the capacity and failing mechanism. The control, double window and
triangular window cut will be discussed in this section.
(a) Control
The control specimens A1, B1 and C1 capacity were all compared to the theoretical load carrying
capacity. The experimental capacity was on average 20 % higher than the theoretically predicted
value.
(b) Double window cut
Specimens A3, A4, B3 and C4 were weakened with a double window cut. The initial approach
in the report that was used to predict the failure of the weakening method was to assume
simultaneous bending of both the flanges in a downward direction. The maximum horizontal
(Mmaxu) and vertical (Mmaxv) moment, as seen in Figure 2.7, caused at the midspan due to
deflection, required to induce bending in the flanges was determined by the flexure formula. The
critical loading capacity was determined from the bending moments, as seen in Table 2.3.
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Figure 2.7: Resulting forces due to Pcr making flanges bend around v and u (Van Helsdingen,
2012)
Table 2.3: Bending moment and critical load (Van Helsdingen, 2012)
Mmaxu [N.m] Mmaxv [N.m] Pcr [kN]
A3, A4 2134 2134 193
B3 3191 3191 289
C4 1304 1304 154
The axial load capacity obtained was below the experimental results due to an assumption
that was made according to the report. For the derivation of the equation, an assumption was
made that the angled web cut, connecting both cut-out rectangles, had no thickness. Therefore,
resulting in the axial load causing a moment about the cut-out section. It was stated that
this assumption was flawed, due to the gap in the angle cut had to be closed, which was not
the case. If the web was assumed to have a thickness, the axial load required to close the cut
for a moment to start influencing the critical loading capacity was to high compared to the
experimental results.
(c) Triangular window cut
Tests of the triangular window cut were conducted on specimens B2 and C3. An inconsistency
was found during the calculations. However, Van Helsdingen recommended that this would be
re-attempted.
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(d) Load reduction factors
A load reduction factor was developed for each of the weakening techniques to ascertain the
percentage reduction in capacity of the steel columns. The load reduction factor shows the ratio
between the load carrying capacity of the weakened column to the control section. The load
reduction factors are summarised in table 2.4. These would theoretically then be used to predict
the capacity of similar-sized weakened columns.
Table 2.4: Load reduction factors(Van Helsdingen, 2012)
Type of cut Specimens tested and their load reduction compared
to their control specimens in percentage:
Double window [No flange cut or 1 cut] 28.6 30.4 32.8
Double window [double flange cut] 63.8
Triangular window 17.69 29.2
Further Research
The tests that were conducted at the CSIR mechanical testing laboratory were performed
through constraining the rotation about the weak and strong axis by only placing the column
directly on the ground without the use of any bearings. This caused a semi-fixed condition.
This semi fixed condition is in contrast with the "basic column testing method" with pinned-end
connections. According to Tebedge et al., (1972) does pinned-end columns not exist in basic
strictures, but it is the hypothesised ideal column and the foundation of column buckling and
deformation theory. Van Helsdingen could, therefore, have better compared his experimental
results to his theoretical results if the end fixtures were not semi-fixed.
2.3.2 Previous reported by author (Van Jaarsveldt, 2014)
An additional investigation was conducted by the author in 2014. The investigation aimed to
predict the axial load capacity of steel columns weakened to facilitate demolition of a structure
(Van Jaarsveldt, 2014). This report continued on the research of Van Helsdingen, (2012), using
the same experimental data.
A refined design method and FE models were developed from the test results obtained from
Van Helsdingen, (2012). The main objective was to improve the prediction of the capacity of
the weakened columns through developing a FE model and a design method to allow demolition
engineers to determine the capacity of weakened columns, with the least amount of effort but
also as accurate as possible (Van Jaarsveldt, 2014).
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2.3.2.1 Methodology
(a) Finite element (FE) modelling
A major part of the report was the development of a FE model to predict the failure load and
to simulate the behaviour of the experimental results of Van Helsdingen, (2012). Three different
models were created, each of them three meter in length. For each of the steel sections were a
control, triangular window cut, double window cut and circular window cut made, as seen in
Figure 2.8
(a) Double Window Cut (b) Triangular Window Cut (c) Circular Window Cut
Figure 2.8: Finite Element Models (FEM) Results (Van Jaarsveldt, 2014)
Van Helsdingen could not conduct material test on the specimens, therefore, material properties
were unavailable for the report. The yield stress was obtained through back-calculating from
the experimental data of the control columns. This enabled to predict the columns axial load
capacity as accurate as possible.
The FE model required two analysis, an eigenvalue analysis and a Static-Risk analysis, to de-
termine the loading capacity. The eigenvalue analysis is conducted initially on a perfect straight
column in order to obtain the buckling loads (eigenvalues) and the corresponding buckling shapes
(eigenvectors). This analysis only provides the buckling loads and the buckled shapes, however,
it does not provide the full load-deflection response of the column. A non-linear analysis (Static-
Risk analysis) is then used to obtain the full load-deflection response. The Static-Risk analysis
was performed by introducing an initial deflection that follows the buckle shape of the first mode
obtained in the eigenvalue analysis, scaled to an specified value depending on the eccentricity
(Chung Thi Thu Ho, 2010). The results of the Static-Risk analyses showed a 10 - 12 % difference
between the theoretically results and the FEM results.
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(b) Proposed design method
A design method was developed for each of the cuts separately, through observing the failure
mode and the mechanism that cause the failure. For the circular window cut was the axial load
capacity determined through reducing the cross-section area by subtracting the diameter of the
circle. The capacity was then calculated according to SANS 1062-1, with the adjusted area.
The triangular window cut failure was expected to be govern by two sub-columns (A and B)
as shown in Figure 2.9. Sub-column B was assumed to be the governing column. The effective
length factor (K) for sub-column B was set equal to 1.0. Assuming that both ends were fixed
against rotation with the top end free to translate. This assumption was based on the failure
mode that was observed from the FE models and the experiments, see Figure 2.8b. The capacity
of the column was set equal to double the capacity of sub-column B.
Sub-column B
Sub-column A
Figure 2.9: Triangular window cut (Van Jaarsveldt, 2014)
The double window cut failure was also assumed to be governed by two sub-columns (A and B)
as shown in Figure 2.10. However, the capacity of the column was assumed to be governed by a
combination of the axial loading and a moment that develop at the ends of the openings. The
moment that developed was due to an initial imperfection that caused a horizontal displacement
of each of the two sub-columns, therefore inducing a moment, see Figure 2.8a. The horizontal
displacement was assumed to be 3 mm. The effective length factor (K) was set equal to 1.5,
assuming that the behaviour of the sub-columns was a combination between free and fixed for
rotation and free to translate, see Figure 2.9.
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Sub-column B
Sub-column A
Figure 2.10: Double window cut (Van Jaarsveldt, 2014)
2.3.2.2 Conclusion
The prediction modal was relatively accurate in the report for the FE model and the design
method compared to the test results, taking into consideration the amount of unknowns such
as the material properties, Figure 2.11 summarise the results.
For the control sections the SANS 10162-1 agreed well with the test results. This was due to
the material properties being unknown and the design code used to back calculate the material
properties. The FE modal was at most 12 % higher than the experimental results.
The double window cut FE model was 10 - 17 % higher than the experimental results. The
design method was at most 5 % higher. The 350x165x54 section results varied slightly and this
was due to additional cuts that were applied to the specimen flanges, but were not modelled due
to the significant unknowns and insignificance knowledge about the buckling behaviour. From
this report it was also noted that after buckling of the column occurred the strength of the
column decreased significantly.
For the triangular window cut the results for the design method and the FE models were at
most 12 % higher than the experimental results. The results also indicated that the capacity of
the column will decrease slower after failure.
For the circular window cut, both the FE models and the design method were higher than the
experimental results. This was presumably due to not being able to cut a perfectly round circle
or the fact that the flange cuts were ignored. The results also indicated that after the critical
loading capacity the load decreases at a steady state.
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In this study were some of the factors that could influence the axial load capacity of a double
window cut investigated. These factors were:
a the angle of the cut
b the length of the cut
c the position at which the cut was made
It was observed that the length had a significant influence on the critical loading capacity. The
angle of the cut was varied between 17 to 60 degrees and did not have any significant influence
on the critical loading capacity. Also as expected the position of the cut in the test specimen
had a negligible influence on the critical loading capacity.
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Figure 2.11: Summary of the three analysis of the weakened columns (Van Jaarsveldt, 2014)
2.3.2.3 Further research
The results obtained were within acceptable level of accuracy taking into consideration the
level of uncertainties such as the unknown material properties, the initial imperfections, the
accuracy of the cuts, the effective length of the columns, the effect of cutting with a torch and
the additional applied cuts that were not considered. Therefore, it was stated by the author
that additional experiments on weakened columns was needed.
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This report will test additional weakened columns, thus addressing the unknowns such as:
1. the material properties
2. the initial imperfections
3. the dimensions of the cuts
4. the number of cuts applied to a column
5. the effective length of the column
2.4 Finite element analysis
To obtain a numerical solution of a field problem a finite element analysis (FEA), also called
a finite element method (FEM) is necessary. A field problem can be mathematically described
by an integral expression or differential equations, when broken up into smaller individual finite
elements. In each of the finite elements the field quantity is simplified and only allows a simple
spatial variation from polynomial to quadratic. As a result, FEA only provides an approximate
solution (Cook et al., 2002; Huebner et al., 1982).
A finite structure can be defined as an assemblage of elements that are connected at points,
which are called nodes. The word "structure" is being used to describe a body or region. The
particular arrangement of these elements is then called a mesh. The FE mesh is numerically
presented by a system of algebraic equations that needs to be solved for all the unknowns at
nodes. The nodal unknowns are described as values of a field quantity that are dependent on the
element type and its first derivatives. The solution for nodal quantities completely determines
the spatial variation of the field in that element when it is combined with the assumed field
in any given element. Therefore, the field quantity over the entire structure is approximated
element by element, in a piecewise approach. An FEA is not an exact solution, however, the
solution can be improved by using more elements to present the structure (Cook et al., 2002;
Huebner et al., 1982).
A simple matrix formulation that can be applied to FEA is presented by equation 2.9. Where,
[K] is called either the global stiffness matrix or the structure stiffness matrix, {D} is the global
degrees of freedom (DOF) or the displacement vector, and {R} is the global load vector.
[K]{D} = {R} (2.9)
2.4.1 Linear analysis
A condition in which loads are large enough to disrupt the stability of an equilibrium config-
uration, as discussed in Section 2.2.1, is defined as buckling. The loss of stiffness is the main
characteristic of buckling and it is not modelled by the usual linear finite element analysis.
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To calculate the buckling load of a structure, it is necessary to solve an eigenvalue-eigenvector
equation. Equation 2.10 illustrates an eigenvalue problem whose smallest root (λcr) defines the
smallest level of external load for which there is bifurcation (Bathe, 2006). Bifurcation can be
described as a reference configuration of a structure and an infinitesimally close configuration
that are both possible at the same load, see Section 2.2.1. Prior to bifurcation the load versus the
deflection relation can be linear or nonlinear (Cook et al., 2002). [K] represents the conventional
stiffness matrix and [Kσ]ref represents the stress stiffness matrix that develops due to an external
load that is initially applied to the member and a standard linear analysis is performed.
([K] + λcr[Kσ]ref ){δD} = {0} (2.10)
The eigenvector {δD} in eqaution 2.10 represents a certain buckling mode shape that is associ-
ated with each of the loading factors. The {δD} magnitude is indeterminate in a linear buckling
problem, therefore, will it define a shape but not a magnitude. The terms in the round brackets
comprise of the net stiffness matrix, [Knet]. Due to [Knet]{δD} being zero, the stresses of the
critical intensity reduce the net stiffness to zero with respect to the buckling mode {δD}. This
can be represented in a mathematical terms, as seen in equation 2.11 (Cook et al., 2002; Bathe,
2006).
det([Knet]) = det([K] + λcr[Kσ]ref ) = 0 (2.11)
For this study a linear analysis will be used to obtain the buckling loads (eigenvalues) and the
corresponding buckling shapes (eigenvectors), refer to Section 4.3.
2.4.2 Nonlinear analysis
A linear elastic behaviour is mostly suitable for structures under service loads. Some exceptions
are slender structures, such as arches or suspension systems, and structures that are subjected to
early localized cracking or yielding. However, all structures exhibit significant nonlinear response
prior to reaching their limit of resistance. The term "nonlinearity" can be explained as when the
action that it produces is not directly proportional to the response.
In a linear-elastic analysis the material is assumed to remain constant and not yield. The
equations of equilibrium are formulated on the geometry of the unloaded structure or, in the
case of self-strained structures, on an initial reference configuration. The deformations are
assumed to be so small that it is insignificant in their effect on the equilibrium and mode of the
response of the system. One of the consequences was that one is able to treat axial force, bending
moments and torques as uncoupled actions during the development of the stiffness equations for
elements of bi-symmetrical sections (Bathe, 2006; McGuire et al., 2000).
Nonlinear analysis deals with several of the problems resulting from the above assumptions.
When considering only the geometrical nonlinearity, the material in the structure is treated
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as elastic, however, it includes the effects of deformation and the finite displacements through
formulating the equations of equilibrium. The general option is to consider both the geometric
and the material nonlinearity in the analysis. According to McGuire et al., (2000) the sources
of nonlinearity for each class are as follows:
• Geometrical effects:
1. Initial imperfection such as member camber and out-of-plumb erection of a frame.
2. The P − δ effect, a destabilizing moment equal to a gravity load times the horizontal
displacement it undergoes as a result of the lateral displacement of the supporting
structure.
3. The P − λ effect, the influence of axial force on the flexural stiffness of an individual
member.
• Material effects:
1. Plastic deformation of steel structures.
2. Cracking or creep of reinforced concrete structures.
3. Inelastic interaction of axial force, bending, shear and torsion.
• Combined effects:
1. Plastic deformation plus P − δ and/or P − λ effects.
2. Connection deformation.
3. Panel zone deformations.
4. Contributions of infilling and secondary systems to strength and stiffness.
The equations of equilibrium in a first-order inelastic analysis are written in terms of the geo-
metry of the un-deformed structure. The first-order inelastic analysis can only produce an ex-
cellent representation of simple elastic-plastic behaviour if the destabilizing effects of the finite
displacements are relatively insignificant. However, it has no provisions for detecting geometric
nonlinear effects and their influence on the stability of the system (McGuire et al., 2000).
In a second-order inelastic analysis the equations of equilibrium are written in terms of the
geometry of the deformed system. Accommodating all of the geometric, elastic and material
factors that influence the response of a structure. Thus, it enables the preparation of analytical
models capable of faithfully simulating actual behaviour and calculating the in-elastic stability
limit, which is the point at which a system’s capacity for resistance to additional load is exhausted
and continued deformation results in a decrease in the load resistance capacity (Bathe, 2006;
McGuire et al., 2000). A second-order inelastic analysis will be use in this study in the FE
models to obtain the the full load-deflection response of the weakened columns, refer to Section
4.3.
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2.4.3 Solution of nonlinear equilibrium equations
There are several commonly methods used to solve nonlinear analyses in a finite element model.
The two methods that are most used are the Newton-Raphson (N-R) method and the Arc-length
method (A-L), as shown in Figure 2.12.
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Figure 2.12: Newton-Raphson and Arc-length method (Cook et al., 2002)
The N-R method can be described as a way of extracting a root of a polynomial. Thus, generating
a P versus u curve, whose shape is not known at the outset. The calculation procedure uses
the tangent stiffness, which is defined as kt0 = ∆P/∆u. This represents the slope of the P
versus u plot. Based on the maximum norm of the incremental displacement is a convergence
criterion adopted. During the incremental iterative process, each of the load steps consists of the
application of an increment of the external loads and subsequent iteration to restore equilibrium.
This method can not always guarantee convergence for all nonlinear problems, when iterations
are typically continued it could cause successive displacement increments ∆u to approach zero,
force errors to decrease and the updated solution to approach the correct displacement value
(Bathe, 2006; Cook et al., 2002).
The A-L method is a form of the N-R iteration in which, within each new level of external
load, iterative increments of the load and displacement are adjusted in such a way that iterative
steps 1A, aB, bC, and so on cause the points A,B,C, etc. to lie on a curve of radius ∆l that
are centered at the initial point 1. This method incorporate a way to keep the process from
doubling back on itself when the curve acquires a negative slope. This is due to adjustments
inherent in the method, which compute the displacements that correspond to a load level that is
adjusted by computation and is slightly less than the load level used to start the process (Cook
et al., 2002). In this report will the Arc-length method be used in Abaqus (Dassault-Systèmes,
2016) to analyse the FE models, refer to Section 4.4.4.
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2.4.4 Finite element models
In a modelling problem the analyst want to include all the essential features and exclude su-
perfluous detail. This results in a simplified model that provides results which can describe
the actual problem with sufficient accuracy. A geometric model becomes a mathematical model
when its behaviour is described, or approximated, by differential equations and boundary con-
ditions. However, it is important to recognize that FEA, that is applied to the mathematical
model, is a simulation and not a reality. Even very accurate FEA may be at odds with the
physical reality if the mathematical model is inadequate or inappropriate (Bathe, 2006; Cook
et al., 2002).
A mathematical model is an idealization, where the material properties, geometry, boundary
conditions and loads are simplified based on the analyst’s understanding of what features are
important or unimportant in obtaining the results required. For example in a stress analysis
the material may be regarded as homogeneous, isotropic, and linear elastic, although the most
common materials are otherwise. Another example is a load that is distributed over a small area
may be regarded as concentrated point load, which is not impossible. Lastly a support may be
designed as pinned, although no support in completely pinned (Cook et al., 2002). For the FEA
in this report will the load, the material properties and the boundary conditions be simplified,
refer to Chapter 4.
2.4.4.1 Finite elements
In finite element modelling are there a few options when it comes to the type of elements that
can be used for modelling. Wires, shells and solids are the most frequently used elements. Each
of these elements have their advantages and disadvantages, therefore, care must be taken for
the model under consideration when deciding which element is appropriate. It is possible to
combine some of these elements, but this could introduce new complications.
Shell elements are commonly used when creating a thin-walled model. A shell can be defined
as a body whose body thickness is much smaller than its other dimensions (Bathe, 2006; Cook
et al., 2002). One of the most significant attribute of shells is that they have both translational
and rotational degrees of freedom (DOF), where solid elements only have translational DOF.
Modelling thin-walled structures it is the best to avoid the use of 3D elements. Shear locking is
possible if the 3D elements were made to thin in only the thickness direction. If these problems
were to be avoided by using a great amount of compact 3D elements, the finite element structure
would have far too many DOF. In order to avoid too many DOF the elements used in the model
are based on plate theory, however, depending on the type of plate theory adopted, special
formulations devices may still be needed to avoid shear locking (Cook et al., 2002).
Thin-walled structures may be strongly influenced by imperfections in the geometry or misalign-
ment. These imperfections are often introduced during the manufacturing of the steel. This is
sometime overlooked in the analysis because they are very small and can sometime only be es-
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timated. However, their presence may greatly reduce the load-carrying capacity. Imperfections
usually makes the response nonlinear, so the analysis becomes much more complicated (Cook
et al., 2002).
In this report shell elements will be used to model the weakened columns, refer to Section 4.4.1.
The imperfections that are obtained form the experiments will be introduced in the FE models
and a sensitivity study will be conducted, refer to Section 4.4.5.
2.4.4.2 Mesh generation and refinement
A complex problem can be simplify by dividing it into smaller elements, this technique is called
mesh generation. Elements that display satisfactory geometry may not always serve well in an
analysis. This could be due to the fact that they are inappropriately shaped for the analytical
purpose under consideration. More accurate solutions to problems are obtained when elements
are compact, without great elongations, or warping. The degree of distortion is dependent
on the element type, mesh arrangement and the physical problem that is under investigation.
These distortions has a greater effect on the field gradients such as the mode shapes, the stresses
compared to the displacements and natural frequencies (Cook et al., 2002).
Certain methods can be used to revise the mesh generation and improve the results of an analysis.
The main objective when it comes to mesh generation is to achieve the necessary accuracy by
using the minimum amount of DOF. Mesh refinement is typically used during revision of a
mesh, however, the revision might also involve coarsening other regions. Some of the refinement
methods include the h−refinement, p−refinement and r−refinement (Cook et al., 2002).
In the h−refinement the h refers to a linear dimension that characterizes the size of an element
by either the square root of the area of a plane element or its largest span or the cube root
of the volume of a solid element. As seen in Figure 2.13a an h refinement consists of adding
elements of the same type. For p−refinement, the p refers to the degree of the highest complete
polynomial in the element field quantity. A p−refinement is obtained by keeping the number of
elements constant, but increasing p within the elements. Figure 2.13b shows that this can be
done adding additional nodes on existing inter-element boundaries. The last method that can
be used is the r−refinement. The r refinement consists of relocating nodes, without changing
the number of elements or the polynomial degree of their field quantities, see Figure 2.13c (Cook
et al., 2002).
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(a) - h−refinement (b) - p−refinement (c) - r−refinement
Figure 2.13: Refinement possibilities(Cook et al., 2002)
These methods are used for modelling structures with irregular geometry. For this study, is it
important to ensure that critical areas as shown in Figure 2.14, do not contain any distortion of
the elements. For columns Chung Thi Thu Ho, (2010) stated that the mesh size does not have
that great effect on the capacity of the column.
Critical section
Critical section
(a) Triangular window cut
Critical section
Critical section
(b) Triangular window cut
Figure 2.14: Refinement of mesh in critical areas (Van Jaarsveldt, 2014)
In this study will a sensitivity study be conducted on the mesh size for the column and the areas
where the cuts were applied, refer to Section 4.4.3. The optimum mesh size will be determined
on a trail and error basis through using progressively finer mesh until the critical load capacity
had no longer an effect.
2.5 Development of an experimental testing setup based on
previous studies
Limited research has been conducted on weakened steel columns up to this point. Hence the
following research is based upon previous testing methods and techniques used to complete test
on un-weakened columns that was conducted in 1960 to 1980. A compression member with its
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length considerably larger than its cross-sectional dimensions may be defined as a column. A
column member is subjected to a compressive loading on its ends, resulting in an axial force
along the member.
According to Estuar et al., (1967) during the testing of column specimens, there is a need to
isolate the effects of end conditions, residual stresses, initial out-of-straightness, eccentricity of
load and transverse loads. If these effects are not isolate each of the factors could result in
the test results to form a wide scatter band instead of a well-defined relationship between the
strength and the slenderness ratio.
2.5.1 Testing of pinned-end columns
Pinned-end columns are idealized columns which do not exist in actual structures, however, an
extensive study of its behaviour is still relevant to the problem of column design (Estuar et al.,
1967). The pinned-end column must therefore be regarded as the basic column, since most
column specifications throughout the world are defined in terms of such a column. In order
to understand the compression behaviour of weakened columns and to allow for a comparison
between the weakened and control sections it is important to acknowledge how previous, similar
experiments have been conducted.
2.5.1.1 End fixities
In the literature pinned-end columns were used as discussed in Section 2.5.1. This end condition
allows for the maximum conditions of stress to exist at about mid-height. Therefore, the stress
distribution in the column under study is not influenced by St. Venant end effects. Additionally
due to the effective length factor, K of 1.0 for pinned-end conditions, see Figure 2.3, only half of
the column length needs to be tested in comparison to a fixed-end column (Estuar et al., 1967).
According to Estuar et al., (1967) the analysis of the behaviour of a pinned-end column repres-
ents the most fundamental column instability problem. Allowing each of the factors influencing
column strength to be studied separately in the light of its effect on the column strength char-
acteristics of the pinned-end column. In this report was it essential to study each of the factors,
such as the length of the column and the type of cut applied to the column, that influence the
capacity of weakened column. Therefore, will a pinned-end column be used.
For pinned-end conditions it is essential that friction virtually be eliminated since a small amount
of end restraint will cause an appreciable increase in the columns strength. There have been
several different kinds of end fixtures used as seen in Figure: 2.15. The difference between some
of these end fixities are that they are either "position-fixed" or "directional-fixed" at the ends.
The other basic difference are with respect to their maximum carrying capacity and the effective
column length.
According to Tebedge et al., (1971a) the best way to reduce friction, for end fixtures of high
capacity, is through the use of a relative large hardened cylindrical surface bearing on a flat
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hardened surface. It can also be noted that even if an indentation should occur due to the
heavy load, the rotational still should be virtually frictionless. Additionally, if the cylindrical
end fixtures or bearings are design so that the geometrical centre of the cylinder is located on
the centre line at the end of the column, is the effective column length equal to the actual length
of the column, see Figure 2.16. Resulting in the line of action of the applied compressive force
to always pass through the same point as the column goes through deformation. When using a
cylindrical bearing, the columns acts pinned-end about only one axis and is effective fixed-end
about the other. For this report was cylindrical bearings used on a flat surface, this allowed the
effective length to be used as 1.0 and reduce the friction to minimum. Additional plates will be
added in this report to the bearings to ensure that the line of action of the applied load always
pass through the same point, refer to Section 3.3.1
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Figure 2.15: Basic Types of End Fixtures (Tebedge et al., 1971a)
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Figure 2.16: Standard Column End Fixture at Fritz (Tebedge et al., 1971a)
2.5.2 Column test procedure
To ensure that the correct ultimate load and no variation is obtained during the testing of
columns in this study, is it important to follow a correct testing procedure. According to Tebedge
et al., (1971b) and Dowling et al., (1952) the testing procedure includes the preparation of the
specimens, the initial measurements, the alignment of the specimen, the test measurements and
the loading rates. Each of these points will be clarified in the section below.
2.5.2.1 Specimen preparation
To minimize the initial out-of-straightness of specimens, were the specimens cut from an initially
straight portion of the original member. It is not always necessary to weld plates to the specimen
by matching the geometric centers of the columns to the plates. Columns may also be tested
with the ends bearing directly on the loading bearings, provided that the material of which the
loading fixtures are made of is sufficiently harder than that of the column to avoid damaging to
the bearings. For this study will the columns ends bear directly on the loading bearings, refer
to Section 3.4.2.
For columns initially curved, the milled surfaces may not be parallel to each other, but should
be perpendicular to the end portions of the columns. If the ends are simply sawn, it could be
possible that the ends are parallel to each other, but not perpendicular to the centerline of the
column. This could result in an error in the alignment, as seen in Figure 2.17. For small enough
deviations levelling plates were used to improve the alignment of the column, see in Figure 2.16.
In this study the lengths of the columns will be limited to 1.9 m, due to the testing machine that
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is available, refer to Section 3.4.1. Thence, will the effect on the alignment be significantly small.
Great care, however, will be taken to ensure that the ends are perpendicular to the centreline
of the column, during the saw cut process.
F
F
F
Base plate
Center of rotation of the fixture
Axis of the column
Axis of testing machine
a
F
Figure 2.17: Actual loading scheme and error (Dowling et al., 1952)
2.5.2.2 Initial measurements
The variation in the cross-sectional area, shape, initial curvature and twist, will effect the column
strength according to Estuar et al., (1967). Therefore, initial measurement of the specimen is
an important step in column testing.
The cross section was measured to determine the variation between the actual dimensions of
the section and the specified nominal dimensions. It was recommend that the initial out-of-
straightness or imperfection of each of the specimens were to be measured at 9 levels at approx-
imately an eighth of the column length and this were done for the two principle axes (Tebedge
et al., 1971b). From Figure 2.18 it can be seen that the variation in the initial out-of-straightness
for the major axis was considerably smaller compared to the out-of-straightness obtained for the
minor axis. Therefore, for this study the initial geometric imperfections (out-of-straightness)
will be measured only for the minor axis at three levels along the columns height. Only three
measurements was necessary due to the small changes in imperfection measured, hence was it
not necessary to measure in smaller intervals, refer to Section 3.4.3.
W.J. van Jaarsveldt Stellenbosch University
Stellenbosch University  https://scholar.sun.ac.za
Chapter 2. Literature review 34
Top Length = 13’-4”
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Figure 2.18: Initial Out-of-Straightness about the Principal Axes of the Column (Tebedge et al.,
1971b)
2.5.2.3 Specimen alignment
Aligning the specimen within the testing machine is one of the most important steps in the
column testing procedure. There were two systems of alignment used for aligning centrally
loaded columns. The first method was to align the column carefully such through the use of
placing strain gauges to each end and the middle of the specimen. A certain preliminary load
was then applied to the column, if the strain gauges read differently, approximately 5 % more
than the average, the column was realigned.
The second method required no special attention to the stress condition, only for careful geomet-
rical alignment. The geometric alignment was performed with respect to some defined reference
points on the cross section. The reference point that was recommend on the cross section de-
pended on the form of the shape. For H-section columns the best centering point is with respect
to the center of the flanges, due to the web that has little effect on buckling about the minor-axis.
This reference point may then be located at the mid-point of the line connecting the two centres
of the flanges. This method of geometric alignment was recommended due to the simplicity
and the time saving of setting op the column. Due to the large amount of columns that were
tested in this study and the unavailability of equipment to accurately measure the stress was
the reference point technique used. This method provided satisfactory results, refer to Section
3.4.4.
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2.5.2.4 Test measurements
The most important measurements that are needed in column testing are the applied load, the
corresponding lateral displacement and the overall column shortening. The overall shortening
of the column specimen was determined by measuring the movement of the sensitive crosshead.
This was done by hand in the past, however, this is now performed accurately by load cells and
computer programs. The lateral deflection, strain and stresses at certain points, end-rotations,
angles of twist at mid-height and at the two ends were also measured, however, for this study
will only the axial load and the corresponding deflection be required.
The hot-rolled steel columns were whitewashed with a hydrated lime. During testing of the
column would a whitewash cracking pattern appear, this is caused due to the flaking of the
mill scale, at the points where yielding is in progress. This allows one to better visualise the
compression behaviour. For this study will each of the columns be whitewashed to visualise the
points in the weakened columns where yielding are in progress, refer to Section 3.4.5.
2.5.2.5 Load rates
According to Tebedge et al., (1971b) and Dowling et al., (1952) the columns were initially
loaded with a load of 1/20 to 1/15 of the estimated load capacity. This was done to preserve the
alignment established at the beginning of the test. The measuring devices was then adjusted
for the initial readings.
The load was applied at a rate of 6895 kPa/min during the elastic stage of the column and the
corresponding deflections was recorded instantly. The dynamic (Elastic) applied load-deflection
curve was then plotted until the ultimate load was reached with the static (Plastic) load being
recorded. After recording the static load was the test resumed using the original loading-rate
to obtain the desired data. The load is known as "static" load as it is determined at "zero" rate
of loading. A typical load-deflection curve resulting form a column test is shown in figure 2.19.
For this study will the column be loaded at a rate of 100 kN/min, this rate is higher than the
rate used in the previous experiments, however, it did not influence the loading capacity of the
column, refer to Chapter 6 for the experimental results.
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Experimental dynamic curve
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PDM= Maximum dynamic load
PSM= Masimum static load
Figure 2.19: Typical Load-Deflection Curve (Tebedge et al., 1971b)
2.5.3 Supplementary tests
2.5.3.1 Introduction
Supplementary tests were conducted by Tebedge et al., (1971b) and Dowling et al., (1952) to
determine the basic properties of each of the specimens. This was required to evaluate the
theoretical column strength and properties. The following supplementary tests were performed:
2.5.3.2 Stub column test
A stub column can be defined as a column long enough to retain the original magnitude of
residual stress in the section, but short enough to prevent any premature failure occurring
before the yield load of the section is obtained. The purpose of a stub column test was to
determine the average stress-strain curve as well as the compressive failure load for the entire
cross section.
The length of the stub column was determine according to Galambos et al., (1998) as follow:
• Not more than (2d + 250 mm) or 3d, whichever is smaller
• Not greater than 20ry of 5d, whichever is larger
Where b = depth of the shape and ry = radius-of-gyration about the weak axis.
For this study the stub column will not be use to determine the average stress-strain curve.
However, the lengths that were specified, according to Galambos et al., (1998), will be used to
compare the weakening effect of the double window cut and the triangular window cut, excluding
factors such as the initial eccentricity and global failure.
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2.5.3.3 Tension coupon test
Tension coupon test is required to determine the mechanical properties of the steel. These
properties include the yield stress, fy the ultimate yield stress, fu and the Young’s modulus,
E. The specimens for the tension coupon tests were obtained from the web and the flange of
the column, as seen in Figure 2.20. The average of these tests were then taken (Tebedge et al.,
1971a).
F1 F2
W1
Figure 2.20: Cuts to obtain Tension coupon specimens (Tebedge et al., 1971a)
For this study specimens will be taken from the flanges and the web. The test results will
then use to calibrate the FE model and the design method. This will eliminate any material
uncertainties due to the variation in fabrication of steel columns.
2.6 Literature overview and conclusions
This chapter has provided the reader with sufficient background information which relates to
weakening columns and the factors that contribute too the process of determining the loading
capacity. A conclusion is given below that highlights the most important aspect when it comes
to determining the loading capacity of a column.
• The maximum capacity of a column will be determined by including both the geometric
imperfection of the column and the material nonlinearity (Galambos et al., 1998), insuring
the most realistic capacity, refer to Section 2.2.2.
• The Eurocode 3-1-1:2005 has a larger spectrum of failure stresses compared to the South
African SANS 10162-1:2011, due to taking into account the out-of-straightness of a column.
This would result in more accurate result when compared to the experimental results (Walls
et al., 2016). However, both the design codes will be used in further calculations and also
as a foundation into deriving an equation for weakened columns.
• A limited amount of research in relation to determining the loading capacity of weakened
columns has been done worldwide. One of the initial investigations were carried out by
Van Helsdingen, 2012, although the method only gave reasonable approximation of the
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real critical load capacity, was it a good indication of what weakening techniques are used
in industry, refer to Section 2.3.1.
• The previous report written by the author gave a good basis to go forward into developing
and refining the design method and the finite element (FE) model and will be used in this
report, refer to Section 2.3.2.
• For the FE model the method that will be used to solve the nonlinear analysis is the
Arc-length method (A-L). This method will ensure that an accurate solution will be ob-
tained without the problems such as doubling back on itself (Cook et al., 2002), refer to
Section 2.4.3.
• Shell elements will be used for the modelling of the weakened structures, to avoid shear
locking in the elements (Cook et al., 2002). The influence of the initial geometric imper-
fection will also be investigated more accurately, refer to Section 2.4.4.1.
• The cuts that are applied to the columns to weaken them, could cause distortion of the
elements in some of the areas. A refinement technique will be used to obtain the optimum
mesh size until the size mesh does not have an influence (Cook et al., 2002), refer to
Section 2.4.4.2.
• Most of the previous columns were tested using pinned-end condition Tebedge et al.,
(1971a), which allows that each of the factors influencing the column strength may be
studied separately. In this study a cylindrical surface bearing will be used, which is the
best way to reduce friction and the effective length will be equal to the actual length of
the column, refer to Section 2.5.1.1.
• The two systems of alignment can be use for aligning a test column, the geometric align-
ment method will be used in this study to align the test specimen. This method will be
time saving and will simplify the testing procedure Tebedge et al., 1971b, as explained in
Section 2.5.2.3.
• The supplementary tests such as the stub column test and the tension coupon test will be
conducted in this study to determine the effect of each cut and obtain the basic material
properties of the specimens. This will be used in finite element models and during the
derivation of the design method, refer to Section 2.5.3.
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Experimental design
3.1 Introduction
This chapter presents a detailed discussion of the experimental work done in this investigation.
The pinned ended sections that were tested included the IPE160, IPE200, UB 152X152X23 and
the UB 152x152x30. The motivation for the experimental work is presented initially, followed
by an overview of the experimental design. The overview of the experimental design includes
important aspects such as the end fixities. The column test procedure is then discussed, which
includes the sections tested, the preparation of the specimens, initial measurements, specimen
alignment and the recording of results. Lastly, the supplementary tests are discussed which
includes the stub column test and the tensile coupon test.
3.2 Motivation for experimental research
In the modern age computer software is readily available, however, if theses software are used
incorrectly by the user, due to not fully understanding the methods employed by the software,
could it lead to incorrect results. Therefore, validating results by means of experiments remains
a crucial part in investigations.
A limited amount of tests have been carried out on columns that have been weakened up to this
point in time. Therefore, was one the main objectives of this investigation to determine the axial
load capacity for the double window cut and the triangular window cut, by means of testing.
These results can be used to validate the numerical model presented in Chapter 4 and the design
method presented in Chapter 5. A validation model allows for further investigation and can be
used to determine the capacity of columns that could not be tested. The validation of the design
methods allows practitioners to determine the axial load capacity of weakened columns. The
experimental work also aims to contribute to the limited amount of tests conducted up to this
point.
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3.3 Experimental design overview
From the literature study it can be seen that negligible tests have been conducted on weakened
columns with pinned-ended connection. Hence, the tests proposed in this chapter are based on
methods and techniques for un-weakened columns. The configuration of the end-bearing is the
most critical experimental consideration and has a direct influence on the ultimate load of the
column and could result in inaccurate results.
3.3.1 End fixities
Pinned-end columns do not represent ideal columns typical in practice. However, it was found
in the literature study in Section 2.5.1 that the extensive study of pinned columns behaviour
is still relevant to the problem of column design. Using pinned-end columns avoid problems
such as the St. Venant end effects and allows factors influencing column strength to be studied
independently, as explained in Section 2.5.1.1.
For the end bearings it was essential to ensure that friction would be virtually eliminated, since
a small amount of end restraint will cause an appreciable increase in a columns strength. From
the literature study it can be observed that there are several designs for the end fixtures. The
recommended end fixture to use according to Tebedge et al., (1971a) was a relatively large
hardening cylindrical surface bearing on a flat hardened steel surface, refer to Figure 2.16. This
type of end bearing could not be obtained, therefore, was a bridge bearing used with an axial
capacity of 2 MN. The bridge bearing had a half hexagon that bearings on the flat steel plate
instead of a half cylindrical, as seen in Figure 3.1. Even though the flat surface of the hexagon,
that initially bear on the steel plate, was relatively small (15 mm), was it enough to cause the
end bearing to behave as if it is was partially fixed. The end bearings had to be machined, as
shown in Figure 3.1b. This ensured that the end bearing would be virtually friction less and act
as a pinned-ended bearing. It have been noticed that for three of the tests there was a form of
fixity that developed within the bearings, which caused the axial failure load to increases, refer
to Appendix F for the results obtained.
Half hexagon15mm flat surface
(a) Pinned end connection before machin-
ing
Half cylindrical
(b) Pinned end connection after machin-
ing
Figure 3.1: Pinned end connections
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Figure 3.2, illustrates the side and front view of the end bearings during the experimental setup.
The dimensions of the end bearing are provided in Appendix A.
(a) Bearing side view (b) Bearing front view
Figure 3.2: Pinned end connections attached to the 2MN Instron (hydraulic actuator)
It was important to ensure that the geometrical centre of the cylinder is located on the centre
line at the end of the column. This ensures that the effective length of a column would be
equal to its actual length. Section 2.5.1.1 illustrates this behaviour and that the line of action
applied by the compressive force will always pass through the same point as the column deform.
Additional plates were added to ensure that the line of action of the applied load always pass
through the same point, as shown in Figure 3.3. Figure 3.3 shows the progressive change about
the y-axis (weak axis of the column).
(a) (b) (c)
Figure 3.3: Side view of pinned bearings showing the allowed rotaion about the weak (Y-Y)
axis.
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3.4 Column test procedure
The column test procedure consists of the following steps: (1) the sections tested, (2) the
preparation of the specimens, (3) the initial measurements, (4) the alignment of the specimen
and (5) the recording of the results. Each of these points will be clarified below.
3.4.1 Sections tested
The length of the columns were chosen so that most of the slenderness spectrum ratio were
covered. Hence from a short column, 0.6 m pin supported, that will undergo local buckling
to a slender column, 1.9 m pin supported, that will undergo global buckling. A factor that
also needed to be considered was the maximum length that could be tested due to the testing
machine that was available. The sections that were used during the tests were an IPE200,
IPE160, 152x152x30 and a 152x152x23, shown in Figure 3.4. Although some of these sections
are not commonly used in practice as columns, it was the best sections to give a perspective on
how I-sections and H-sections would respond after it has been weakened and also taking into
account the constrains, such as the testing machines capacity and maximum height.
b
t f
tw
r1
h
(a) I-section
b
t f
tw
r1
h
(b) H-section
Figure 3.4: Ultimate axial load with varying imperfection modes and magnitude for a 152x152x30
section
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The section properties is as follow according to SAISC (2013):
IPE200 :
• b = 100 mm
• h = 200 mm
• tw = 5.6 mm
• tf = 8.5 mm
• r1 = 12 mm
IPE160 :
• b = 82 mm
• h = 160 mm
• tw = 5 mm
• tf = 7.4 mm
• r1 = 9 mm
H-152x152x30 :
• b = 152.9 mm
• h = 157.5 mm
• tw = 6.6 mm
• tf = 9.4 mm
• r1 = 7.6 mm
H-152x152x23 :
• b = 152.4 mm
• h = 152.4 mm
• tw = 6.1 mm
• tf = 6.8 mm
• r1 = 7.6 mm
3.4.2 Preparation of the specimens
A total number of 45 columns were saw cut from five 13 m sections. During the saw cut proses
was great care taken with the alignment of the column relative to the blade of the machine.
The cut had to be applied perpendicular to the centreline of the column. Thus, ensuring that
a negligible error in the alignment of the column would occur, as described in Section 2.5.2.1.
It was not necessary to weld on end plates to the columns, due to the plates that were placed
on the end bearings, to ensure that the applied load always passes through the same point, was
sufficient to protect the end bearings.
When demolition teams prepare columns a flame torch is mostly use, due to its simplicity.
However, when using a flame torch is it not always possible to cut directly along the face of
the column flanges. The nozzle of the flame torch compresses against the flange face, leaving a
portion of web behind after the cut is applied. This results also in the cuts not always being cut
to the exact dimensions as specified.
In order to determine the effect of the double window cut and triangular window cut were it
essential to use a template for each of these cuts, as seen in Figure 3.5. It was assumed that
7.5 mm of the flange would remain, due to the flame torch not being able to cut directly along
the face of the flange. These cuts were applied to the columns through the use of a cutting drill
bit. Therefore, ensuring that all the cuts were within an accuracy 2 mm. Although a small
radius developed in each of the corners due to the use of the drill bit, will it be concluded in
Section 4.2.1 that it would not have a negligible influence on the loading capacity.
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(a) Double window cut
30
20
0
7.5
(b) Triangular window cut
Figure 3.5: Dimensions of the window cuts in mm
3.4.3 Initial measurements
According to Estuar et al., (1967) will the variation in the cross-sectional area, shape and initial
curvature effect the column axial load capacity. Therefore, are the initial measurements of the
specimen an important step in column testing.
There are various techniques available to measure the initial imperfections of columns. One of
these techniques involve placing an object at an offset from the column ends and measuring the
distance between the column and the object along the columns height. For this research, was
a steel cable fixed to the two ends of the column at the same offset distance through the use
of a hook and eye turnbuckle, as seen in Figure 3.6, the cable was pre-stressed to ensure that
no lateral deflection would occur during contact with the Vernier. Three measurements were
recorded at mid-section height, and at constant intervals along the length of the column. Due to
the small change in the initial imperfection was it not necessary to measure in smaller intervals.
The readings were recorded by using a digital Vernier, positioned against the pre-stressed cable
as seen in Figure 3.6.
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Steel Cable
Hook and eye
Test column
turnbuckle
Vernier
Steel cable
Figure 3.6: Measuring the imperfections of a column
The initial imperfections were recorded for all of the columns, refer to Appendix B. Figure 3.7
illustrates the initial imperfection magnitudes for an IPE160 with a length of 1.9 m, which exhib-
ited the largest imperfection of all the recordings. It can be seen that the largest imperfection,
recorded was about 1.1 mm. This is almost equal to the tolerance of L/1000 that will be used
in the FE models, refer to Section 4.4.5.
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Figure 3.7: Recorded imperfections of IPE160, length 1.9 m.
For the FE models and the design method were it also important to measure the dimensions of
the columns, such as the web thickness, flange thickness and height of the columns. Each of the
window cuts dimensions were also recorded, refer to Appendix B.
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3.4.4 Specimen alignment
In the literature it has been found that two systems of alignment are commonly used, refer to
Section 2.5.2.3. The one involves using strain gauges at each of the corners and in the middle
of the specimen and then carefully adjusting the column during the preloading phase until all
the strain gages read within 5 % of the average reading. The second method involves centering
the column by lining up the center of the flanges to the center line along the bearing.
For this report was a large amount of tests required and the equipment to measure the strain
accurately was not available. Therefore, has the geometric alignment method been adopted. This
method provided satisfactory results, refer to Appendix F, with the advantage of its simplicity.
3.4.5 Recording of results
For this research was it essential to record the critical loading capacity of the columns. There-
fore, was the load with the corresponding column shortening recorded every 0.1 seconds at a
loading rate of 100 kN/min. This was acceptable compared to previous experiments, refer to
Section 2.5.2.5. If the loading rate was too high could the behaviour of the column change,
resulting in an underestimate of the critical loading capacity.
All of the columns were painted with a hydrate lime which gave it a whitewash, as seen in
Figure 3.8a. During the testing of the columns would a whitewash cracking patterns appear, due
to the flaking of the mill scale, at points where yielding were in progress, as seen in Figure 3.8b.
This allowed better visualisation of the yielding patterns and critical areas around the cuts that
were applied. Factors such as the end-rotations, angle of twist at mid-height, lateral deflection,
strain and stresses was not recorded.
(a) Column with whitewash paint
Whitewash crack
Whitewash crack
(b) Yielding patterns at critical areas
Figure 3.8: Whitewashed IPE200
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3.5 Supplementary tests
There are two ways according to the literature study, refer to Section 2.5.3, to obtain the material
properties of the columns that are tested. The stub column test and the coupon tensile test.
The stub column test is used to obtain the average stress-strain curve as well as the compressive
failure load for the entire cross section and the coupon tests is used to determine the mechanical
properties. The material properties are important for this study to ensure that the FE models
and the design method match the experimental results as close as possible.
3.5.1 Stub column test
The stub column test was not used in this report to determine the material properties. However,
it was used to exclude factors such as the initial eccentricity, therefore, allowing for a compar-
ison between the weakening effects of the double window cut and the triangular window cut.
Figure 3.9 illustrates the failure of an IPE160 column with a height of 600 mm and a double
window cut. The cut covers almost the whole section, governing the failure of the column.
(a) Stub column test before failure (b) Stub column test after failure
Figure 3.9: Stub column test of an IPE160
3.5.2 Tension coupon tests
The tensile tests were performed in an 250 kN Zwick, as seen in Figure 3.10. Figure 3.10a
illustrates the coupon before the test was conducted and Figure 3.10b illustrates the coupon at
ultimate stress. Great care had to be taken to ensure that no slippage would occur between the
coupon and the clamps, when slippage occurs it results in an inaccurate Elastic modulus being
calculated. The displacement was measured through the use of a special LVDT that have an
accuracy of 0.001 mm over a set gage length of 76.5 mm.
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(a) Before the test was started (b) After coupon reached ultimate stress
Figure 3.10: Dimensions of the window cuts
The tensile tests were performed according to SANS 6892:2010 (SABS 6892-1, 2010). Refer to
Appendix C for the dimensions of the coupons. The specimens for the tension coupon test were
obtained from the flanges (4 coupons) and the web (3 coupons) for each of the 13 m sections.
The results obtained is summarized in Appendix C. The average of the yield stress, fy, ultimate
stress, fu and the Elastic Modulus, E were then taken respectively for the flange and the web,
as seen in Table 3.1.
Table 3.1: Average yield stress, ultimate stress and elastic modulus for five sections
Section Specimen Yield stress, fy (MPa) Ultimate stress, fu (MPa) E-modulus (GPa)
IPE200
Flange 400 549 200
Web 433 556 211
152x152x30
Flange 382 509 193
Web 415 519 210
IPE160
Flange 417 552 205
Web 448 568 208
152x152x23
Flange 431 543 207
Web 401 553 200
IPE160 N2
Flange 399 559 199
Web 501 587 211
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Figure 3.11 illustrates the tensile tests results obtained for the web and the flange for an
152x152x23 section that will be used in the FE models. These results were according to the
SANS 50025-2:2009 (SABS 50025-2, 2009) within the statistical limits of 355 MPa for fy, 470 -
630 MPa for fu and 200 - 210 GPa for the E.
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Figure 3.11: Tensile test results of the web and flange for an 152x152x23
3.6 Conclusion
The goal of this chapter was to design an experimental setup to test weakened columns, based
on previous experiments, and develop a test procedure that would ensure limited amount of
variation between the tests results. The sections that have been tested in this investigation are
an IPE160, IPE200, UB 152x152x30 and 152x152x23. A total of 45 columns have been tested
with a height ranging between 0.6 m and 1.9 m.
All columns were tested with pinned-end connections. The connection consists of a cylindrical
surface bearing on a flat steel plate. The connection has been designed to ensure that the
compressive force will always pass through the same point as the columns deforms.
Each of the columns were prepared from 13 m sections and great care were taken with the ends
of the columns to ensure that they were perpendicular to the centreline of the column. All of
the windows in the columns were cut using a cutting drill bit. This ensured that the cuts were
as accurate as possible.
The initial geometric imperfections were recorded at three different points, spaced at constant
intervals, along the mid-section height of the column. The largest imperfection of 1.1 mm was
recorded for the IPE160, which was almost equal to the tolerance of L/1000. Therefore, it is
conservative to use a tolerance of L/1000 for the FE models. The dimensions of the web and
flange of each of the columns, as well as the windows dimensions were also recorded for each of
the columns.
Each of the columns were aligned using the reference point technique, due to its simplicity and
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efficiency during the experimental setup. The recording of the ultimate load of the weakened
column was important for this report. Therefore, was the data recorded at every 0.1 second,
with a loading rate of 100 kN/min.
For the FE models and the theoretical methods was it important to obtain the material properties
of the columns that were tested. Coupons were prepared from each of the 13 m sections for
tension tests. The results obtained from the tension test were within the specified statistical
limits according to SANS 50025-2:2009 (SABS 50025-2, 2009).
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Finite element analysis
4.1 Introduction
This chapter will present and discuss the finite element analysis (FEA) that was developed in
order to study the behaviour of a weakened column that undergoes axial compression. The FE
software package that was used in this study is Abaqus version 6.14-1. Abaqus is a general-
purpose FEA program for the use in the numerical modelling of structural response (Dassault-
Systèmes, 2016). To date FE models have been developed by the author (Van Jaarsveldt, 2014)
and compared to experimental tests. These models will be used as a foundation to develop
models according to the experiments that were conducted.
This chapter will initially present how the models were development for each of the sections con-
sidered and how it was analysed in Abaqus. This will be followed by general issues encountered
when creating these weakened column models in Abaqus, which include the element types and
mesh configuration, material stress, boundary conditions, the loading condition and residual
stresses. This chapter closes with a preliminary validation of the numerical model through
comparing the FE model to the control specimens.
4.2 Model development
4.2.1 Models description
A FE model was setup for each of the columns that were tested with the corresponding properties
as described in Chapter 3. Figure 4.1 illustrates the control, double window cut and triangular
window cut that was setup for the 152x152x30 section.
As stated during the experimental setup it was important to take into consideration that during
practice the cuts were made with a flame torch. Therefore, is it not always possible to cut
the radii completely away. For the experiments, even though the cuts were not made by flame
torches, were the cuts applied 7.5 mm from the face of the column only leaving about half the
radii of the column, refer to Section 3.4.2. Figure 4.1b illustrates the double window cut with
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half the radii on both sides and Figure 4.1c illustrates the triangular window cut with half radii
on both sides.
(a) Control section
Half radii
(b) Double window cut
Half radii
(c) Triangular window cut
Figure 4.1: 152x152x30 models layout
For these models the fillet radii at the intersection of the web and the flange was not included.
This consideration was based on previous work conducted by Yuan, (2004) and Snijder et al.,
(2010) in which satisfactory results were obtained when excluding the radii. The section proper-
ties that were modelled in Abaqus can be seen in Table D.1, Appendix D. From these properties
it was observed that there were less than 5 % difference between the actual cross section and
the FE models, except for the St. Venant’s torsion (J) which showed a difference of 29.5 % for
the IPE200. The axial load capacity for an I-section and H-section is not directly influenced by
the St. Venant’s torsion. However, torsional buckling could occur in the cuts that were applied,
resulting in a reduced axial load capacity.
The dimensions of the cuts that were applied to the columns during the experimental setup are
shown in Section 3.4.2. In order to ensure the cuts were as accurate as possible to compare to
the FE models, was a cutting drill bit used. This resulted in a small radius of 8 mm to be left
behind in each of the corners as seen in Figure 4.2.
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Radius
Radius
(a) Radius modelled for a double window
cut
Radius
(b) Radius modelled for a triangular win-
dow cut
Figure 4.2: Radius in each of the corners for a 152x152x30 section
The effect of the small radius was investigated by comparing the cuts which included the radius
in each of the corners to the cuts which excluded the radius. The influence of the radius included
was mostly observed in the columns with a low slenderness ratio, thus sections in which local
failure governed. However, from Figure 4.3 it can be seen that the influence was insignificant.
When the radius was included, was the failure load at most 5 % higher. Thus, the FE models
in this research project will not include the radius that could not be cut away.
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Figure 4.3: Axial failure load with and without radius for different sections
4.3 Analysis method used in Abaqus
In order to determine the loading capacity of a column, two analyses had to be performed.
Initially, was an elastic buckling analysis performed to obtain the buckling loads (eigenvalues)
and the corresponding buckling shapes (eigenvectors). This analysis only provided the buckling
loads with the corresponding shape and not the full load-deflection response of the column. The
load deflection response was computed through conducting an additional analysis in Abaqus,
called a Static-Risk analysis (nonlinear analysis), refer to Section 2.4.3. The eigenvalues that
were obtained from the elastic buckling analysis was then used in the Static-Risk analysis to
obtain the full load-deflection response (Chung Thi Thu Ho, 2010).
The following parameters were used for the non-linear analysis:
• maximum number of load increments = 100
• maximum increment size = 0.01, refer to Section 4.4.4.
• maximum increment size = 1× 10−5
• enable automatic increment reduction
A summary of the procedure followed to prepare the non-linear analysis:
1. Define the geometry of the sections, (refer to Section 3.4.1)
2. Define the pre-cuts made in the columns, (refer to Section 4.2.1)
3. Meshing of the models surfaces, (refer to Section 4.4.3).
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4. Define material properties, boundary conditions and the applied load, (refer to Section
4.4.2, 4.4.6 and 4.4.6)
5. Create a buckling step and define the parameters.
6. Create a .fil file to store the initial imperfection that will be used in the Risk analysis by
using *NODE FILE before *End step in the keyword editor.
7. Run the bifurcation buckling analysis to obtain the eigenmodes for the initial imperfection.
8. Define the plasticity properties of the material, (refer to Section 4.4.2).
9. Create a Risk step and define the parameters for the non-linear analysis.
10. In the keywords import the initial imperfection file, obtained from buckling analysis, by
using the *IMPERFECTION before the first step. The input that is required for the
imperfection as as follow:
– FILE = job-name, (the name of the buckling analysis)
– STEP = 1, (the step at which the imperfection should be applied)
– 1, 1.4 (mode shape number and the magnitude, respectivily. Note that these factors
change depending of the length of the columns and the dominate shape, refer to
Section 4.4.5)
• Obtain the full load-deflection response and maximum axial load by running the nonlinear
analysis.
4.4 General issues in creating weakened column models in
Abaqus
In Abaqus there are many elements and options available to analysis a column that have been
weakened. However, there are many modelling issues that needs to be considered when formu-
lating a problem in Abaqus. Some of the general issues that will be discuss in this following
section includes the:
1. Element types
2. Material properties
3. Mesh configuration
4. Size of load increments
5. Initial geometric imperfection
6. Boundary conditions
7. Loading conditions
8. Residual stresses
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4.4.1 Element types
From the literature it was found that shell elements are the most widely used element for an
analysis of a thin-walled structure. A column can be defined as a thin-walled structure when
the thickness of the column web and flanges are significantly smaller than the height of the web
and the width of the flanges, refer to Section 2.4.4.1. Therefore, making it a promising element
to be used in this thesis. According to Avery et al., (2000a) it was also found that satisfactory
results were obtained using shell elements for the analysis of columns.
According to Dassault-Systèmes, (2016) thin-walled structures can be modelled in Abaqus
through the use of conventional shell element or continuum shell elements. Conventional shell
elements defines the geometry of a body at a reference surface. This is achieved through the
section property definition. In contrast, continuum shell elements discretise an entire three-
dimensional body, consequently determining the thickness from the element nodal geometry.
The conventional shell elements have displacement and rotational DOF compared to continuum
shell elements that have only displacement DOF.
In this thesis the conventional shell element S4R was chosen, this is a 4-node double curved shell
element. This element accounts for finite membrane strains and arbitrary rotations making
them suitable for large strain analysis. The S4R element also used a reduced integration from
the element stiffness. This provides more accurate results in comparison to the general fully
integrated S4 shell, with an added advantage of reducing the running time of the analysis
(Dassault-Systèmes, 2016).
4.4.2 Material properties
In practice is the material properties of the columns virtually always unknown. According to
(SAISC 2013), if the material properties is not known, will the yield stress fy and minimum
tensile strength fu then be taken as not more that 200 MPa and 356 MPa, respectively. However,
one of the key objectives of this study was to validate the numerical model by experimental
results. Therefore, was it important to insure that the material properties that were used in the
models were similar to the test specimens. Abaqus required an uni-axial stress-strain curve to
model the material properties of an element. A number of idealize stress-strain curve models
can be used for steel, this includes the elastic model, elastic perfectly plastic model, bilinear
model, multi-linear models, Ramberg-Osgood models and many other (Chung Thi Thu Ho,
2010). Figure 4.4 illustrates typical stress-strain curves were fs is the stress, fy is the yield
strength and E is the Elastic modulus.
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Figure 4.4: Typical models of stress-strain curves (Chung Thi Thu Ho, 2010)
The stress-strain curve was introduced into Abaqus in the Properties Module through two sep-
arate properties, the elastic properties and the plastic properties. The main data required for
the elastic properties were the Elastic modulus (E) and the Poisson’s ratio (ν). For the plastic
properties, the main data includes the true stress and the true strain. Abaqus required both the
elastic and the plastic properties in order to perform an inelastic analysis.
The material properties of the test specimens were obtained from tensile tests, refer to Sec-
tion 3.5.2 for the tensile tests setup and the results that were obtained. These tests, however,
produced the engineering stress (σe) and the engineering strain (e). Abaqus, however, expects
true stress (σt) and true plastic strain (t). The difference between σe and σt is that the true
stress is calculated as σt = P/A, where A is the reduced area of the specimen caused by the
molecular flow, and σe = P/A0, where A0 is the original cross sectional area. A measure of
strain is often used in conjunction with the true stress which takes the increment of strain to
be the increment increase in the displacement dL divided by the current length L (Roylance,
2001).
dt =
dL
l
→ t =
∫ L
l0
1
L
dL = ln L
L0
(4.1)
This is called the "true" or "logarithmic" strain. The ratio between L/L0 was then the extension
ratio, denoted as λ. From this relation the relations between the true and engineering measures
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of the tensile stress and strain, see Equation 4.2 and 4.3 respectively, were developed. The true
strain is then converted into true plastic strain though using equation 4.4. These Equations could
only be used up to the point where necking begin, therefore up to fu. Abaqus only required the
points up to fu, therefore it was not necessary to calculate the true stress-strain curve beyond
the necking point.
σt = σe(1 + e) = σeλ (4.2)
t = ln(1 + e) = lnλ (4.3)
pl = t − σt
E
(4.4)
The stress-strain models were implemented into Abaqus by defining certain points along the
stress-strain curve. For example, in order to create the multi-linear stress-strain curve as shown
in Figure 4.4, the elastic properties were defined initially, with the E and ν values. The plastic
region was then created by including the values of the true stress (σt), which started at the
elastic region or the yield point, and the true plastic strain (t), which started at zero (the point
where the material yield). They then continued up to the ultimate stress (fu), see Figure 4.5.
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Figure 4.5: Material properties for 152x152x30 section
Figure 4.5 illustrates the multi-linear stress-stain model that was used during the analysis of the
152x152x23 section. The curve was divided into about 20 points with an assumption that the
curves between two adjacent points are linear. Five of these multi-linear stress-strain models
were setup for each of the 13 m sections respectively.
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4.4.3 Mesh configuration
Mesh size is an important factor that can influence the accuracy of a finite element model. Using
a finer mesh can generally ensure more accurate results are obtained, but also requires more
running time. To evaluate the effect of the mesh size three different models were investigated
for an IPE200 and an 152x152x30 section respectively. These three models included a control
section, a double window cut section and a triangular window cut section.
The results are shown in Figure 4.6. This figure indicates the axial failure load computed for
each of the three models using four different mesh refinements respectively. The element sizes
for the refinement were 5 mm, 10 mm, 20 mm and 50 mm. This corresponded to 20, 10, 6 and
2 elements for the IPE200 and 30, 16, 8 and 4 elements for the 152x152x30 across the flanges.
For the web the IPE200 had 38, 19, 10 and 4 elements and the 152x152x30 had 30, 15, 7 and 3
elements across the depth. The length of the columns were 1.4 m. For all three of the models,
the boundary conditions are set to pinned only about the weak axis and fixed about the strong
axis. A multi-linear model was used for the material properties, refer to Section 4.4.2. The
members modelled in Abaqus included an initial geometric imperfection with a magnitude of
1/1000 times the length of the column.
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Figure 4.6: Axial load with different mesh sizes for different sections
From these figures above it can be seen that the effect of the mesh size is less than 3 %. Therefore,
it can be assumed that the mesh size have an insignificant effect on the axial load for the control,
double window cut and triangular window cut. This indicate that the model is not that sensitive
to the mesh size. These results were also found by Chung Thi Thu Ho, (2010), where it indicated
that the mesh size had no effect on a column of 1 m.
According to Avery et al., (2000a) the amount of elements required to ensure that the local
buckling deformations and associated plasticity can accurately be modelled were a minimum of
8 elements across the flanges and 8 elements through the depth of the web. For this report a mesh
size of 10 mm was used, which gave a minimum of 8 elements across the flanges and 15 elements
through the depth of the IPE160, the smallest column that were tested. It was not necessary to
use any of the refinement methods as explained in the literature, refer to Section 2.4.4.2. This
was due to the element size that were required to comply with the minimum amount of elements
needed across the flange width, were already sufficient to avoid any distortions in the critical
areas.
4.4.4 Size of load increments
The size of the load increment used in an Arc-length method, refer to Section 2.4.3, can also
have an effect on the accuracy of the analysis. The increment size and the maximum number
of increments can be specified in Abaqus in the step module. Abaqus will then divide the axial
load, the load obtained for a linear analysis, into smaller increments in proportion to the size
of the load increment. The response of the structure will then be calculated at each increment.
This proses will continue up to the maximum increment specified.
A large increment size will result in less load increments, which leads to fewer data points in
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the load deformation response of the structure. Key events in the response of the column, such
as the maximum axial load, may then be missed if the increment is too large, resulting in a
miscalculated axial load capacity of the column. For a very small load increment the axial load
will be more accurate, however, it can substantially increase the time required to complete the
analysis.
The effect of the number of load increments was investigated by looking at three different models
of an IPE200 and 152x152x30 section. These models included a control section, a double window
cut and a triangular window cut. The size of the load increments were 1, 0.5, .05, 0.01, 0.001
percent of the axial load applied. The model setup in Abaqus was the same as for the mesh
configuration, with a mesh size of 10 mm, refer to Section 4.4.3, and only the load increments
were changed.
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Figure 4.7: Axial load due to different size load increments
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Figure 4.7, indicates that the size of the load increment did not have a substantial effect on
the accuracy of the analysis. However, it was observed that when the load increment size was
made too large the column buckling behaviour changed, due to the rate of the load that was
applied. For this thesis it was important to ensure the maximum axial load was recorded and
the buckling behaviour obtained in the tests corresponded to the models, therefore an 0.01 load
increment was used.
4.4.5 Initial geometric imperfections
Every steel column that is produced has some form of initial geometric imperfection due to
production process or during the handling of the column. Minimal guidelines are available on
how to determine the initial geometric imperfection of an existing column in a building, as there
are so variable. The geometric imperfections for each of the columns could only be determined to
a degree of accuracy by measuring the column at a few points, refer to Section 3.4.3. However,
the distribution of local initial deformations were very complex and the magnitudes were so
small that more accurate and expensive equipment was needed. Therefore, it was assumed that
the geometrical imperfections will be conservatively assumed according to the SANS 2001:CS1.
The permissible deviations for hot rolled components after fabrication are specified in the SANS
2001:CS1, Table 3. It states the following:
1. Out-of-straightness: ∆ = L/1000 or 3 mm, which ever is greater, refer to Figure 4.8
2. Out-of-plumbness: ∆ = h/500, but not more than 25 mm.
L e0 = L/1000
Figure 4.8: Geometric imperfection of a column for out-of-straightness (Avery et al., 2000a)
These geometric imperfection values has been used by Avery et al., (2000a) and satisfactory
results were obtained. The columns were tested independently and were not considered in a
frame. For this reason the out-of-straightness is the dominant factor and was introduced in the
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FE models. There were two aspects of initial geometric imperfections, that had a direct link to
the axial load capacity, which had to be considered during the analysis of the model in Abaqus.
These two factors included:
1. The shape of the imperfection (buckling shape).
2. The magnitude of the imperfection.
According to Yuan, (2004) there are random imperfections in steel columns and it is possible
that these random imperfections initiate the buckling deformations, nevertheless the ultimate
load capacity of a column is mainly determined by the buckling shape. The buckling shapes
with the corresponding buckling loads were obtain from the elastic buckling analysis. Figure 4.9
illustrates the first three buckling shapes that were obtained for an IPE200 section with a double
window cut. The first shape, Figure 4.9a, illustrated a local failure with the cut opening up
and giving a buckling load of 647 kN. The second shape, Figure 4.9b, illustrated the column
undergoing a global buckling with a buckling load of 686 kN. Lastly, the third shape, Figure 4.9c,
showed local failure in the web of the column giving a buckling load of 695 kN.
These buckling shapes and loads varied depending on factors such as the type of cut, the section
properties and the length of the column. The first buckling shape is most likely to give the
lowest buckling load, nevertheless when it is used in the non-linear analysis, as an imperfection,
can the axial failure load be lower for one of the other buckling shape. For this reason was it
necessary to use each of the shapes in the non-linear analysis, to ensure the most conservative
axial load was obtained.
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(a) Shape 1 (b) Shape 2 (c) Shape 3
Figure 4.9: Buckling shapes for an IPE200 section with a double window cut
In order to understand the sensitivity of the column to the shape of the imperfection and the
magnitude, an analysis was carried out using the same setup of the previous models as described
in Section 4.4.3 for an 152x152x30, with a mesh size of 10 mm and a load increment of 0.01.
Only a variation in the degree of the buckling shape and magnitude was applied to the model.
The ultimate axial load of the column was determined for three different initial geometric imper-
fections which include the 1st, 2nd and 3rd eigenmodes, with varying magnitudes. Figure 4.10
illustrates the degree of variation between the eigenmodes, as well as the variation in the axial
failure load due to the change in the magnitude of the imperfection.
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Figure 4.10: Ultimate axial load with varying imperfection modes and magnitude for a
152x152x30 section
Figure 4.10 illustrates the results that were obtained for an 152x152x30 section. From this
it can be concluded for a small imperfection magnitude, less that L/1000, had the shape of
the imperfection an insignificant effect. However, as the imperfection magnitude increased a
more significant difference could be observed. For a weakened column with an imperfection
magnitude of L/100 can the failure load decrease up to 30 % compared to a weakened column
with an imperfection magnitude of L/1000. These figures illustrates that for all the models
the first eigenmode gives a more conservative axial failure load compared to the rest of the
eigenmodes. For this research was the first eigenmode used with and imperfection of L/1000.
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4.4.6 Boundary conditions
Simulating boundary conditions in practice can get very difficult, therefore, was it suggested that
a pinned-end column must be regarded as the basic column, refer to Section 2.5.1. Figure 4.11
illustrates a column that is pinned about the weak axis and fixed about the strong axis. This
boundary condition represents the boundary conditions that were used during the experiments,
refer to Section 3.3.1. In reality no support condition is completely fixed or completely pinned,
as there will always be some sort of restraint or the lack thereof. Precaution was taken during
the experimental setup to ensure that the boundary conditions could be simulated as close as
possible to the FEA.
It was assumed that the column at the bottom was constrain against displacement in all the
direction (U1, U2 and U3) and about the strong axis (UR3), however, free to rotate about the
weak axis (UR2). At the top of the column displacement is allowed in the direction of the
applied load (U2), however. constrained against displacement in the U1 and U3 direction. The
column at the top is also free to rotate about UR2 and constrain in UR3.
U1, U3 = 0
UR2, UR3 = 0
U1, U2, U3 = 0
UR2, UR3 = 0
1
2
3
Figure 4.11: Boundary conditions
The best way to simulate this kind of support in Abaqus according to Yuan, (2004) is through
the use of a rigid beam multi-points constrain (MPC) connection as shown in Figure 4.12. The
rigid beam MPC method provides a rigid beam connection between the reference point (master
node) and the rest of the surface nodes (slave nodes), coupling the three displacement degrees
of freedom and the three rotation degree of freedom of the slave nodes to the master node. This
the master node inherits the average stiffness of the slave nodes. Basically the rigid beam MPC
acts like an infinity stiff plate that are fixed to the end of the column (Dassault-Systèmes, 2016;
Smalberger, 2014).
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Reference Node
Figure 4.12: Coupling Constraint (Smalberger, 2014)
4.4.7 Loading conditions
The end bearings used during the experiments were stiff enough to ensure that the full load
applied by the testing machine would distribute equally over the area of the columns ends, refer
to Section 3.3.1 for design of end bearings. For the FE model was the load applied through the
MPC connection (master node), refer to Section 4.4.6, this ensured that the load would equally
spread to each of the nodes. The load was set to follow the nodal rotation, insuring that the
applied load is always perpendicular to the face of the column end. This corresponded to how
the experiment was setup, refer to Section 3.3.1.
4.4.8 Residual stresses
Residual stresses in hot-rolled sections is mainly caused from differential cooling during the
manufacturing process. The magnitude and distribution of the residual stresses depends on
factors such as the rolling temperature, cooling conditions, straightening procedures and material
properties (Galambos et al., 1998). According to Galambos et al., (1998), has residual stresses
a very small effect on the buckling strength of very slender column, however, it does reduce the
inelastic buckling capacity of intermediate slenderness columns.
In practice are the cuts made with a flame torch, causing a redistribution of the residual stresses
in the column. In the literature study was there no data found regarding the redistribution or
the magnitude of the residual stresses. Hence, in order to quantify the effect of the residual
stresses on a weakened column was a great amount of additional tests required. Therefore,
for this research project was the effect of the residual stresses not included in the FE models.
Excluding the effect of the residual stress could lead to higher axial failure loads, nevertheless
satisfactory results were obtained for the FE models, refer to Chapter 6 for the results.
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4.5 Preliminary validation
The preceding section discussed the development of a numerical model that could represent
the experimental setup as accurately as possible. Thus, for this investigation it was important
to preform a preliminary validation process of the FE model to validate the assumptions and
modelling mentioned above. This is not the final validation and the model only be declared
adequately after comparing all the experimental results to the numerical results. This will be
done in Chapter 6.
The validation method of determining the adequacy of the FE models included the comparison of
the results obtained in Abaqus, the results obtained form the experiments that were conducted
and the design codes for an 152x152x30 control section. Comparing the FE models to the
design codes can also be considered as a validating method due to the large number of tests
that were performed in order to derive them. Figure 4.13 illustrates the yield stress, the Euler
buckling load, the two design codes, the experiment results and the non-linear analysis results.
The yield stress line indicates the point at which yielding would occur in the column before
buckling. The Euler buckling load indicates the axial load of the column if it remained elastic,
refer to Section 2.2.3. The two design codes consist out of the South African design code (SANS
10162-1:2011), refer to Section 2.2.4.1, and the Europe design code (EN 3-1-1:2005), refer to
Section 2.2.4.2.
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Figure 4.13: Axial capacity of 152x152x30 control section
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From Figure 4.13 it can be seen that the compression failure stress, of the FE model, remains
above the SANS 10162-1 over the entire slenderness range. On the other hand, for the EN 3-1-1
it showed a good agreement. This was due to the Eurocode having five different buckling curves
which accounts for varying level of geometric imperfections, refer to Section 2.2.4.2 compared
to the SANS that only have one, refer to Section 2.2.4.1. The buckling curve used to best fit
the FE models was a0, with an imperfection factor of α = 0.13. It can also be seen that the
experimental result agrees well with the finite element model. Therefore, can it be concluded
that the model developed along with the basic assumptions made in this chapter was able to
simulate the experiments that were conducted within an acceptable level of accuracy.
4.6 Conclusion
A FE model was developed with a goal to simulate the behaviour of the pre-cut columns and
accurately predict the axial failure load. The pre-cuts were modelled with only about half
the radii remaining to accurately simulate the experiments, which simulated practice. The
cross-sectional properties of the FE model were similar to the actual properties of the column.
However, the St. Vernant’s constant (J) is at most 29.5 % less than the section. The St.
Vernant’s constant does not have a direct influence on the axial load capacity of the column,
however, it could have an influence if the cuts fail due to torsional buckling.
The general issues encountered in creating weakened columns models in Abaqus, include the
element types, material properties, mesh configuration, number of load increments, initial geo-
metric imperfections, boundary conditions, the loading conditions and the residual stresses. The
columns were assumed as thin walled-structures, hence shell elements were used. This assump-
tion was also made by Avery et al., (2000a) and satisfactory results were obtained. The material
properties used in the FE models were essential. There was a number of stress-strain curve
models considered for the FE models. The multi-linear stress-strain model was used insuring
the most accurate representation of the material behaviour in the plastic region.
It was concluded that the mesh size did not have a significant effect on the axial load capacity
of the column. Avery et al., (2000a) stated that a minimum of 8 elements across the flanges and
eight through the depth of the web, as a result was a mesh size of 10 mm sufficient. A refinement
method was not necessary to use at the critical areas. The load increment also had very little
effect on the axial load of the column. There was an observation made that if the column were
loaded too rapidly, the buckling behaviour of the column could change. In order to ensure that
enough data points were obtained from the model and buckling behaviour corresponded to the
experiments was a 0.01 load increment used in the Arc-length method.
The effects of the initial geometric imperfection was an important factor to investigate. It was
assumed that due to the complexity of measuring the exact geometric imperfection, it would
be conservative to use the factor specified in SANS 2001:CS (L/1000). This assumption gave
satisfactory results according to Avery et al., (2000a). The sensitivity analysis that was carried
out for the imperfections provided valuable information regarding the effect of the shape of the
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geometric imperfection as well as the magnitude.
For the boundary conditions it was essential to model them as close as possible to the experiment.
The column were modelled as pinned about the weak axis and fixed about the strong axis. The
boundary conditions were modelled in Abaqus using rigid beam MPC connections. The load
conditions were applied through the MPC connections to insure that the load would equally
spread to each of the nodes on the face of the column.
The most important outcome was the results of the preliminary validation. It was concluded that
the assumptions made, during the modelling of the weakened columns, gave satisfactory results
when it was compared to the design codes, which was based upon a vast amount of previous
experiments. Thus, it can be concluded that the models were able to accurately simulate the
behaviour of a weakened column, although the final validation in dependant on the experimental
results presented in Chapter 6.
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Proposed design method
5.1 Introduction
The goal of this chapter is to propose a design method, that can be used in practice, to determine
the axial load capacity of a weakened column to within an acceptable level of accuracy. From
the literature, (refer to Section 2.3), it has been shown that attempts have been made by Van
Helsdingen, (2012) and the Author, (2014) to develop a design method for the double window
cut and the triangular window cut respectively. Van Helsdingen proposed the use of reduction
factors and the author proposed a method for each of the cuts respectively, through observing
the failure modes and the mechanism that caused the failure. The methods proposed could,
however, not be fully validated due to the unknowns in relation to the tests that were conducted
at CSIR mechanical testing laboratory.
For this chapter the FE models, that were developed and validated in Chapter 4, will be used
to derive the design method and compare it to the experimental results in Chapter 6. The FE
models have been used to develop the design method due the exact axial force and internal
moment that occur in the sub-column could not be obtained from the experiments.
This chapter will initially present the properties of the sub-column that forms in the double
window cut and the triangular window cut. This is followed by determining the axial load and
moment that developed within the sub-column. The theoretical capacity, according to the SANS
10162-1:2011 and the EN 3-1-1:2005, will then be presented, by analysing the smaller column
as a beam-column. Finally will a design method be proposed that can be used in practice.
5.2 Properties of the smaller column that develop in the
column
For the double window cut and the triangular window cut the failure of the column was expected
to be governed by a sub-column, sub-column A or sub-column B, that formed within the column,
as shown is Figure 5.1.
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Sub-column B
Sub-column A
(a) Double window cut
Sub-column B
Sub-column A
(b) Triangular window cut
Figure 5.1: Sub-columns that develops within the column
As discussed in Section 3.4.2 the cuts were applied 7.5 mm from the face of the flange. This
resulted in the sub-column becoming a T-section, as seen in Figure 5.2. As previously stated
will the FE models be used to develop the theoretical methods. Therefore, was it essential to
simulate the dimensions of the T-section according to the FE models. Even thought the FE
models dimensions were set according to the measurements obtained for each section, could
the radii not be included in the FE models, refer to Section 4.2.1. During the development of
the theoretical methods will the radii be excluded. The radii, however, will be included when
compared to the experimental results, refer to Chapter 6.
b
tw
7.5 mm
tf
Figure 5.2: Cross section of T-section
5.3 Forces in sub-column
From the FE models it was observed that an axial force and a moment develop in the sub-columns
for the double window cut and the triangular window cut. Table 5.1 illustrates the axial forces
obtained in the sub-columns from the FE models for a 152x152x30 section at the failure axial
load. Even though column A and B had the same properties in the double window cut, was
there a small difference in the axial load for some of the sections. The difference between the two
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sub-columns was at most 7 %. This could have been due to the initial geometric imperfection
that was introduced into the FE models or due to the cut that was applied 250 mm from the
bottom of the column and not in the center, refer to Section 3.4.2. For the triangular window
cut the capacity in column A was atleast 4 % higher as compared to column B. This was due
to column A having a higher stiffness than column B, therefore attracting higher forces. Refer
to Appendix E, for the axial load in the sub-columns for all the sections, as determined by the
FE models.
Table 5.1: Axial load in sub-column A and B, section - 152x152x30
Column height
(m)
Double window cut (kN)
Sub-column A sub-column B
1.9 440 448
1.4 439 466
1 499 496
Column height
(m)
Triangular window cut (kN)
Sub-column A Sub-column B
1.9 528 502
1.4 532 448
1 538 465
The process followed to determine the moment that developed in any sub-column, about its
weak-axis, was as follows. Initially all the stresses had to be obtained through the thickness of
the flange and web. This was achieved by using Simpson’s integration points. Simpson’s rule can
be defined as a numerical integration method provided in Abaqus to calculate the cross-sectional
behaviour of a shell element (Stiffness matrix) (Dassault-Systèmes, 2016). The stiffness matrix
is calculated by defining Simpson’s points, through the thickness of the shell, at each reduced
integration point within the element, as seen in Figure 5.3. These points are then integrated
using quadratic polynomials to obtain the stiffness matrix. The number of integration points
that can be used through the thickness of the shell ranges between 3 and 15 points. For a fully
elastic section only 3 Simpson’s points are necessary, however, for an elastic-plastic section was
it found that 11 Simpson’s points gave satisfactory results.
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Boundary of element
Elastic neutral axis
Calculated neutral axis Platic neutral axis
Reduced integration
point
Simpson’s points at
reduced integration point
Figure 5.3: Cross section of T-section, with surface element nodes and 11 Simpson points at
each node
The stresses obtained from the Simpson’s points along the depth of the column flange can be
seen in Figure 5.4, for a 152x152x30 section with a double window cut. This figure illustrates
that the inside of the flange, where the depth of the flange is zero, is at the yield point (390
MPa) due to tension and the outside of the flange have already yielded due to compression.
After obtaining the stresses, was it necessary to determine the neutral axis of the T-section,
about which the moment will be calculated. The T-section properties, however, was elastic-
plastic. The neutral axis for an elastic-plastic section is located between the elastic and plastic
neutral axis, as seen in Figure 5.2. In order to determine the exact position of the axis, for each
T-section column a complex iterative process is necessary. However, the difference between the
elastic and plastic region was at most 0.26 mm. Therefore, for this research the moment for all
the sub-columns has been calculated about the plastic neutral axis. The moment can then be
compared to the plastic moment capacity that is also calculated about the plastic neutral axis
of the section.
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Figure 5.4: Stress in flange of T-section through the depth of flange, section 152x152x30
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Table 5.2 illustrates the moments that were obtained in the FE models and also the calcu-
lated plastic resistant moment, for the double window cut and the triangular window cut in a
152x152x30 and IPE160 section. The difference in the calculated plastic resistance moment for
each of the sections are relatively small due to a cutting drill bit that was used, thus insuring an
accuracy of 2 mm for all the weakened sections, refer to Section 3.4.2. From this table it can be
seen that the moments obtained in the sub-columns was between 50 and 65 % of the resistant
capacity. This observation is essential when taking into consideration that previous work did
not identify this moment. Refer to Appendix E, for the moments that were obtained from the
FE models and the calculated plastic resistant moment, for all the sections.
It also indicates that the moment in the sub-column decreases as the slenderness of the column
increases. As the columns slenderness increases will global buckling start to govern the failure
capacity of the column. This causes the moment to shift from about only its weak axis, for
columns with a low slenderness, to a combination between the weak and strong axis, for columns
with a high slenderness ratio.
Table 5.2: Moments obtained from FE model and theoretical calculations, 152x152x30 and
IPE160 section
Section - 152x152x30
Column height
(m)
Moments in double
window cut (kNm)
Moments in triangular
window cut (kNm)
FE model Theoretical FE model Theoretical
1.9 0.70 1.34 0.69 1.34
1.4 0.74 1.34 0.75 1.35
1 0.73 1.35 0.74 1.34
Section - IPE 160
Column height
(m)
Moments in double
window cut (kNm)
Moments in triangular
window cut (kNm)
FE model Theoretical FE model Theoretical
1.9 0.22 0.44 0.16 0.46
1.4 0.28 0.48 0.23 0.48
0.6 0.31 0.50 0.29 0.46
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5.4 Theoretical capacity
As previous discussed in Section 5.2 the failure of the weakened column was assumed to be
governed by the capacity of a sub-column that is created within the column. In Section 5.3
it has been shown that there is an axial force and a moment that develop within the column.
Therefore, the capacity of the sub-column is assumed to be a combination between the axial
force and the bending moment, thus a small beam-column forming within the weakened column.
The axial load capacity of the sub-column is calculated according to the SANS 10162-1 and the
EN 3-1-1. The material properties have been determined for each of the columns, therefore, is
the material factors set to 1.0. The effective length factor (K) was set to 1.0 for the sub-column,
sub-column A or B, that formed due to the double window cut. Assuming that both ends were
fixed against rotation with the top end free to translate. This assumption was based upon the
failure mode observed form the experimental tests and the FE models, as seen in Figure 5.5.
(a) Buckling mode of sub-
column
(b) Buckling mode obtained
form experiment
(c) Buckling mode obtained
form FE model
Figure 5.5: Failure of the sub-column in the double widow cut for the experiment and FE model
corresponding to code failure
For the triangular window cut, even though higher forces were obtained in sub-column A it has
been found that sub-column B is the critical column to consider. The effective length factor (K)
of the sub-column B was set equal to 0.5, through assuming that both ends were fixed against
rotation and translation. This assumption was also based upon the failure mode observed from
the experimental tests and the FE models, as seen in Figure 5.6.
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(a) Theoretical buckling mode
of sub-column
(b) Buckling mode obtained
form experiment
(c) Buckling mode obtained
form FE model
Figure 5.6: Failure of the sub-column in the triangular window cut for the experiment and FE
model corresponing to code failure
The moment resistance of the smaller column was calculated by assuming that the section is
fully plastic. Thus, the plastic section modulus (Zpl) is calculated for each of the sub-columns
and multiplied by the yield stress (fy).
According to the elastic criteria, a member that must resists both a bending moment and axial
force should meet the following interaction criterion:
Cu
Cr
+ Mu
Mr
≤ 1.0 (5.1)
With:
Mu the moment obtain from FE models for sub-column
Mr the plastic resistance moment of sub-column
Cu the maximum axial applied load obtained from FE models for sub-columns
Cr the axial resistance which is calculated as follow:
– For a double window cut
∗ Effective length of the sub-column, K = 1
– For a triangular window cut
∗ Effective length of the sub-column, K = .5
∗ Axial resistance of longest sub-column (sub-column B)
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In this study strain hardening has been included in the material models and a plastic-elastic
cross sections has been obtained. This results in the interaction criterion that were obtain, to
be higher than 1.0. Table 5.3 illustrates the interaction criterion calculated for the 152x152x30
section according to the SANS 10162-1 and the EN 3-1-1. The lowest proportion obtained
according to the SANS 10162-1 and EN 3-1-1 are 1.4 and 1.2, respectively.
Table 5.3: Interaction criterion factors for the 152x152x30 section
Column height
(m)
Double window cut Triangular window cut
SANS 10162-1 EN 3-1-1 SANS 10162-1 EN 3-1-1
1 1.6 1.4 1.5 1.4
1.4 1.6 1.5 1.4 1.4
1.9 1.7 1.6 1.5 1.4
5.5 Development of a design method for practice
One of the main objectives for this investigation is to develop a design method that can be used
in practice. Hence, a method that is easy to apply, but still conservative is required. In practice
it is not always possible to develop a FE model for each of the columns that are weakened.
Therefore, factors such as the exact axial load and especially the moments that develop within
the sub-columns are unknown and can not be easily included in the design method. Figure 5.7,
illustrates the axial load capacity, obtained from the FE models, as a proportion of the axial
resistance load, calculated according to the SANS 10162-1, plotted against the moment, obtained
from the FE models, as a proportion of the plastic moment calculated for all the double window
cuts and triangular window cuts.
It should be noted that even thought the distribution of the axial load between the two sub-
columns can not be obtained in practice was the maximum axial load between sub-column A
and B in the double window cut and the axial load of sub-column B in the triangular window
cut, refer to Section 5.3, used in the derivation of the theoretical method. This ensures that the
design method will safely predict the failure load of the column if it is assumed in practice that
the axial load capacity is evenly distribution between the two sub-columns.
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Figure 5.7: Axial ratio vs. moment ratio, according so SANS 10162-1
From Figure 5.7 it can be seen that if the moment that develops within the sub-column are
unknown, the capacity of the column can still be safely determined if the axial load capacity
is reduced to a certain proportion to the capacity of the sub-column. Therefore, the following
equation in proposed to determine the capacity of a weakened column:
Cu
Cr
≤ Reduced axial capacity factor (RACF ) (5.2)
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The only two points not satisfied by this equation are the two IPE160 sections with a length
of 1.9 m, as seen in Figure 5.7. The failure of this section is govern by global buckling, thus
reducing the axial load and the moment that develops about the weak axis in the sub-column.
This result in a lower proportional ratio for the axial load and the moment. Additional FE
models were developed to obtain the point at which global buckling governs the failure of a
weakened column, refer to Figure 5.9. These models indicated that at a slenderness of 85 will
global buckling govern the failure of a weakened column.
In order to determine the RACF for each of the cuts was the axial load capacity, obtained from
the FE models, as a proportion of the resistance axial load, calculated according to the SANS
10162-1 and the EN 3-1-1, plotted against the slenderness ration of the column, as shown in
Figure 5.8. The slenderness ratio was determined by dividing the length of the column (L) by
the radius of gyration, about the columns weak axis (r).
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(a) Double window cut (SANS 10162-1)
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Figure 5.8: Axial ratio vs. slenderness ratio, according to design codes
The grey area in Figure 5.8 indicates sections where global buckling governed the failure of the
column. As previously stated can the RACF only be used for columns up to a slenderness of
85. For a slenderness higher than 85 global buckling in the column will govern, hence the cut
will have an insignificant effect on the capacity of the column.
The reduce axial capacity factors (RACF) obtained from Figure 5.8, are shown in Table 5.4. In
practice is there a large amount of unknowns such as the material properties, exact capacity of
the un-weakened column and the loading that is applied to the column. For that reason is the
RACF chosen to satisfy all the tests, with a slenderness ratio less than 85. Thus, the RACF can
be defined as a lower bound factor, that will not be able to predict the axial load of all weakened
columns accurately, however, it will be conservative for all weakened columns.
Table 5.4: Reduce axial capacity factors (RACF) for design codes
Cut SANS 10162 EN 3-1-1
Double window 0.9 0.8
Triangular window 0.8 0.75
The proposed design method can be summarised in Figure 5.9. This figure shows a comparison
between the experimental results, FE models and the design method for a 152x152x30 and
IPE200 section with a triangular window cut. It can be seen that the difference between the
FE models and the theoretical method varied for the two sections, however, as stated previously
was the factors chosen to be conservative for any section, up to a slenderness ratio of 85. The
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point at which global buckling governs (85) can also be seen for both sections.
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(a) 152x152x30 triangular window cut
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(b) IPE 200 triangular window cut
Figure 5.9: Axial capacity of triangular window cut for FE models, theoretical method and
experiments
W.J. van Jaarsveldt Stellenbosch University
Stellenbosch University  https://scholar.sun.ac.za
Chapter 5. Proposed design method 84
5.6 Conclusion
The goal of this chapter was to develop a design method that can be used in practice to determine
the load capacity of a weakened column to within an acceptable level of accuracy. The capacity
of the weakened columns is governed by sub-columns that are created within the column. The
sub-column is then analysed as a T-section.
From the FE models it has been shown that an axial force and a moment develop in the sub-
column. For the double window cut there is a small difference in the axial force between the two
sub-columns. For the triangular window cut, the axial load in sub-column B is atleast 4 % lower
than sub-column A. This is due to sub-column A having a higher stiffness than sub-column B.
The process followed to determine the moment that developed in the sub-column is to initially
obtain the stresses through the thickness of the flange and the web, at each the Simpson’s
integration point. These stresses indicated that the cross section, are elastic-plastic. For an
elastic-plastic section the neutral axis was shown to be located between the elastic and plastic
neutral axis. The difference, however, between these two axis is at most 0.26 mm. Therefore, the
plastic neutral axis is used to determine the moment. The moment calculated was between 50
and 60 % of the moment resistant capacity, showing that the moment developed has a significant
influence on the failure capacity. This observation is essential when taking into consideration
that previous work did not identify this moment.
The sub-column was analysed as a beam-column due to the moment and axial force that de-
veloped within the column. However, the proportion criteria specified by the design codes were
not achieved. This was due to strain hardening that was taken into account and the cross section
being elastic-plastic.
To develop a design method that can be used in practice, it has been necessary to exclude factors
that can only be determined from FE models, i.e. the moments develop and the exact axial
force in the sub-columns. It has been shown that the moment can be neglected if the axial load
that develops in the sub-column compared to the axial resistance satisfy a certain RACF. A
RACF has been proposed for each of the cuts with the corresponding design code. It was noted
that this proportional factor could only be used for column with a slenderness ratio up to 85,
after this point can the column be design without the cut, as global buckling dominates.
The proposed theoretical method which can be used in practise to safely determine the axial
capacity of weakened column can be summarised as follow:
Cu
Cr
≤ RACF if L/r ≤ 85 (5.3)
With:
Cu is the axial applied load
Cr is the axial resistance which is calculated as follow:
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– For a double window cut
∗ Effective length of the sub-column, K = 1
∗ Axial resistance double the capacity of sub-column
– For a triangular window cut
∗ Effective length of the sub-column, K = .5
∗ Axial resistance double the capacity of longest sub-column (sub-column B, refer
to Section 5.4)
Reduced axial capacity factor (RACF) for design codes
Cut SANS 10162 EN 3-1-1
Double window 0.9 0.8
Triangular window 0.8 0.75
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Analysis of results
6.1 Introduction
In the previous three chapters a detailed description has been given regarding the development
of the FE models, the design method and the experimental work conducted during this invest-
igation. The goal of the numerical investigation was to develop FE models and a design method
in order to determine the axial load capacity of weakened columns during practice. The ex-
perimental work was in turn aimed at validating the assumptions that were made during the
development of the FE model and the design method.
Included in this chapter is a detailed discussion of the comparison between the experimental,
FE models and the design method calculations. The results for the control column are initially
presented. This is then followed by the results obtained for the double window cut and triangular
window cut.
6.2 Comparison between experimental, numerical and theor-
etical results
6.2.1 Control columns
In order to determine the influence of the double window cut and the triangular window cut a
reference control column test was necessary. Control column tests were conducted for each of the
13 m sections with corresponding heights of 0.6 m, 1 m, 1.4 m and 1.9 m. Figure 6.1 illustrates
the yield stress, the Euler buckling load and also the results for the 152x152x30 and IPE200
control tests obtained from experiments, the two design codes and the FE models. As previously
explained, the yield stress line indicates the point at which yielding would occur in the column
before buckling. The Euler buckling load indicates the axial load of the column if it remains
elastic. The two design code curves are based on numerous tests that were conducted, consisting
of the South African design code (SANS 10162-1:2011, see Section 2.2.4.1), and the Eurocode
(EN 3-1-1:2005, see Section 2.2.4.2). Refer to Appendix F for the results of the experiments,
FE models and the two design codes for the 15 control columns.
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(a) 152x152x30 control section compression failure stress
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(b) IPE200 control section compression failure stress
Figure 6.1: Axial capacity of control sections compared to design codes, FE models
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From Figure 6.1 it can be seen that the test results for the 152x152x30 and the IPE 200 agrees
well with the FE models even though the residual stress and the radii were not included. The
FE models differed by less than 8 % from the experimental results. The predicted failure stress
for the SANS 10162-1 curve was consistently lower that the experimental and FE model results.
However, for EN 3-1-1 results good agreement is shown compared to the experimental results.
This is due to the EN a0 curve having a low level of imperfection comparable to that measured
in experiments.
Figure 6.2 illustrates the the failure process of an 152x152x30 control section which is as follow:
(a) The initial column, without any axial load applied.
(b) The point at which buckling occurs in the column.
(c) The column after buckling occurred
It can be seen that the FE models accurately predicts the failure behaviour of the control column
when compared to the experimental results, as seen in Figure 6.6d. The axial stress is indicated
for the FE models. Figure 6.6c, indicates that yielding occurred at the inside of the column due
to compression (blue) and the outside due to tension (red), this was also obtained during the
experiments where the whitewash would crack due to flaking of mill scale.
(a) No axial load (b) At critical load (c) After failure (d) Experiment
Figure 6.2: Buckling of 152x152x30 section for FE models and experiment
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6.2.2 Double window cut
Figure 6.3 compares the yield stress, the Euler buckling load, FE model, the proposed design
method (DM) calculated according to SANS 10162 and also the results for the 152x15x30 and
IPE200 obtained from the experiments. This figure indicates that the double window cut can
reduce the capacity of a column up to 50 %. Refer to Appendix F for the results of the
experiments, FE models and the proposed design method according to the two design codes for
the 15 double window cut columns.
The difference between the FE models and the experimental results is less than 7 %. This is
within an acceptable level of accuracy when it is considered that residual stresses and the radii
of the column were not included. These models were then used to create additional models
with various lengths in order to obtain the behaviour of the weakened column over the entire
slenderness ratio, as seen in Figure 6.3. The length of the columns that were modelled ranged
between 0.6m, which was the smallest column to which the cut could be applied too, and 7m,
which will give a slenderness ratio above 180 for an 152x152x30 section. From the additional
data points it can be seen that the slenderness ratio of the column does not influence the capacity
of the weakened column significantly once global buckling becomes dominant. This, verifies the
theoretical method, which was based on the capacity of the column to be govern by a sub-column
that develop within the column, thus excluding the slenderness ration of the column. It can also
be observed, as stated previously, that the influence of the double window cut can be neglected
at a slenderness ration of 85, thus global buckling will govern.
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(a) 152x152x30 double window cut compression failure stress
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(b) IPE200 double window cut compression failure stress
Figure 6.3: Axial capacity of double window cut compared to design codes, FE models and
theoretical results
Form Figure 6.3a it can be seen that the results obtained form the FE models does not indicate
a constant compression failure stress as expected for an slenderness less than 85. This is due
to the dimensions used in the FE models corresponded to the experiments and the additional
models dimensions corresponded to the template, refer to Section 3.4.2. The results obtained
form the FE models and experiments, as shown in Figure 6.3b, indicates that there is a slight
decrease in the compression failure stress as the slenderness of the column increases. This can
be due to global buckling contributing to the failure of the column. The contribution of global
failure, however, is fairly small and was neglected during the development of the design method.
The difference between the design method compression failure stress calculated according to
the SANS 10162-1 and the EN 3-1-1 was insignificant, due to the reduced axial capacity factor
(RACF) chosen for each of the design codes respectively. Thus, is it only necessary to illustrate
one of the design codes (SANS 10162-1). The results for the design method indicates that the
RACF, chosen for double window cuts, can not predict the axial load accurately, however, it
will be conservative. This correspond to the assumption made, that the RACF was chosen as a
lower bound factor, due to the large amount unknowns in practice.
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Figure 6.4 illustrates the the failure process of an 152x152x30 double window cut which is as
follows:
(a) The initial column, without any axial load applied.
(b) The point at which buckling occurs in the column.
(c) The column after buckling occurred
The FE models could accurately predict the failure behaviour of the double window cut when
compared to the experimental results in Figure 6.4d. This comparison also indicates the yielding
patterns that develops in the sub-columns for the experiments, which is indicated by the areas
where the whitewash would crack due to flaking of mill scale, corresponded to the FE models,
which are indicated by the red (tension) and blue (compression) areas. The plastic-elastic hinges,
refer to Section 5.3, that forms in each of the double window cut corners can also be observed.
Throughout the FE model steps it was observed that the cut in the web remains open. This
behaviour was observed for all the experiments that were conducted. Indicating that the diagonal
cut was necessary for the section to freely displace to the side causing a P-∆ effect and a change
in the effective length of the sub-column. The failure of the column, however, was due to the
buckling of the two sub-columns. The plastic-elastic hinges, refer to Section 5.3, that forms in
each of the corners of the sub-columns can also be observed.
(a) No axial load (b) At critical load (c) After failure (d) Experiment
Figure 6.4: Buckling of a 152x152x30 section with a double window cut showing FE models and
experimental results
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6.2.3 Triangular window cut
Figure 6.5 compares the yield stress, the Euler buckling load, FE model, the proposed design
method (DM) according to SANS 10162-1 and also the results for the 152x152x30 and IPE200
obtained from the experiments. This figure indicates that the triangular window cut can reduce
the capacity of a column up to 40 %. Refer to Appendix F for the results of the experiments,
FE models and the proposed design method according to the two design codes for the 15 double
window cut columns.
The difference between the FE models and the experimental results is less than 10 %. This
is within an acceptable level of accuracy when it is considered that residual stresses and the
radii of the column were not included, as previously stated. Similar to the double window cut,
additional models were created with various lengths in order to obtain the behaviour of the
weakened column over the entire slenderness ratio range, as shown in Figure 6.5. The length of
the columns that were modelled ranged also between 0.6 m and 7 m. From the additional data
points it can also be seen that the slenderness ratio of the column does not influence the capacity
of the weakened column significantly until global buckling governs. It can also be observed, as
per the double window cut, that the influence of the triangular window cut can be neglected at
a slenderness ratio above 85, where global buckling will govern.
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(b) IPE200 triangular window cut compression failure stress
Figure 6.5: Axial capacity of triangular window cut compared to design codes, FE models and
theoretical results
From Figure 6.5 it can be seen that the results obtained form the FE models also does not
indicate a constant compression failure stress as expected for a slenderness less than 85. This
is also due to the dimensions used in the FE models correspond to the experiments and the
additional models dimensions corresponded to the template, refer to Section 3.4.2. This figure
also indicates that the FE models are able to accurately determine the failure load with the
variation in the dimensions of cuts.
The difference between the theoretical compression failure stress calculated according to the
SANS 10162-1 and the EN 3-1-1 was also insignificant for the triangular window cut, due to the
reduced axial capacity factor (RACF) chosen for each of the design codes respectively. Thus, is
it only necessary to illustrate one of the design codes (SANS 10162-1). It can be seen that the
difference between the FE models and the theoretical method stays constant for both sections,
up to a slenderness of 85. Thus, is the contribution of global failure insignificant for a column
with a triangular window cut. The difference between the FE models and the theoretical method
also indicates that the RACF was chosen, to predict the axial failure load conservatively (lower
bound factor) rather that accurately.
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Figure 6.6 illustrates the the failure process of an IPE200 triangular window cut which is as
follows:
(a) The initial column, without any axial load applied.
(b) The point at which buckling occurs in the column.
(c) The column after buckling occurred
It can be seen that the FE models accurately predicts the failure behaviour of the triangular
window cut when compared to the experimental results. Similar to the double window cut,
this comparison also indicated the yielding patterns that developed in the sub-columns for the
experiments, which is indicated by the areas where the whitewash cracked due to flaking of mill
scale. This corresponds to the FE models, which are indicated by the red (tension) and blue
(compression) areas. The plastic-elastic hinges, refer to Section 5.3, that forms in each of the
corners and in the middle of the longer sub-column can also be observed.
(a) No axial load (b) At critical load (c) After failure (d) Experiment
Figure 6.6: Buckling of a IPE200 section with a triangular window cut showing FE models and
experimental results
6.3 Conclusion
This chapter presented the results obtained for the control columns, double window cuts and
triangular window cuts from the experiments, FE models and the proposed design method. For
the control column, double window cut and triangular window cut 15 tests were conducted, with
heights of 0.6m, 1 m, 1.4 m and 1.9 m. The analysis of the results has shown that the FE model
has been able to capture the behaviour and predict the axial load capacity of the weakened
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columns. The proposed design method could also safely predict the axial load capacity of the
weakened columns.
The results obtained for the control columns were initially presented. The experimental results
agreed well with the FE models, even though residual stresses and the radii were excluded. The
buckling curve used in the EN 3-1-1 code to best fit the experimental and FE models results
was the a0 curve, for very straight elements. The capacity of the columns, calculated according
to the SANS 10162-1 indicated that it underestimates the capacity of the column over the entire
slenderness range. This was due to the SANS 10162-1 only providing one level of geometric
imperfection. The failure process of an 152x152x30 control column was presented and indicated
that the behaviour could be accurately predicted by the FE models.
In Section 6.2.2 the results for the double window has been presented. The FE models differed
at most 7 % in comparison to the experimental results. This could have been due to the
residual stresses and the radii that were not included. Additional FE models were created
with various lengths in order to obtain the behaviour of the weakened column over the entire
range of slenderness. This indicated that the capacity of the column with a double window cut
was not significantly influenced by the slenderness ratio, up to a slenderness ratio of 85. This,
verifies the design method developed for the double window cut, which has been based on the
capacity of the sub-column that developed within the column. The failure behaviour of the
double window cut has been accurately predicted by the FE models along with the locations at
which yielding occurred. It was also observed from the FE models and the experimental results
that the diagonal cut through the web remained opened throughout the duration of the failure
process. Indicating that the diagonal cut was necessary for the section to freely displace to the
side causing a P-∆ effect and a change in the effective length of the sub-column. However, the
failure of the column was due to the buckling of the two sub-columns.
The results for the triangular window cut has been presented in Section 6.2.3. The FE models
differed by at most 10 % in comparison to the experimental results. The results indicated that the
capacity of the column with triangular window cuts were also not significantly influenced by the
slenderness of the column, until global buckling governs. The failure behaviour of the triangular
window cut could also be accurately predicted in the FE models along with the yielding patterns.
The plastic-elastic hinges, that formed in the sub-column, were also be observed.
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Project summary and conclusions
The main research objective of this investigation was to determine the axial load capacity of a
column weakened by means of a double window cut or a triangular window cut. The basis for
the comparative study was in the form of developing a FE model, and then using it to develop
a design method that can be used in practice. The assumptions made during the FE models
and design method was validated by means of experimental tests. This was achieved by initially
presenting a literature study, in Chapter 2 that provided an over view of buckling theories
used in practice, previous investigations of weakened columns, finite element analysis and the
development of experimental testing setup based on previous studies. From the literature study
it was clearly observed that negligible research has been carried out in this field.
The experimental design setup used for the validation of the numerical model and design method
was presented in Chapter 3. This setup included the design of the end fixities, preparation of
the specimens and supplementary tests. Chapter 4 presented the development of the FE models.
This chapter discussed factors such as the element types, material properties, mesh configuration,
initial geometric imperfections, boundary conditions and loading conditions. Sensitivity studies
were also conducted on some of these factors.
The proposed design method was presented in Chapter 5. The process followed to develop this
method included initially defining the properties of the sub-column and the forces that develop
within it. This was used to develop a design method for practice that is easy to use, but still
conservative. Chapter 6 presented and discussed the results of the experiments, FE models and
the design methods.
This concluding chapter initially presents a summary of the main findings and the conclusions
that can be drawn from this investigation. This is followed by recommendations regarding
further research to increase the knowledge in understanding how weakened columns behave and
predicting its loading capacity.
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7.1 Conclusions
The main finding of this research investigation is summarized as follows:
• In support of the research objectives, refer to Section 1.2 and based on the results presented
in Chapter 6, the capacity of a weakened column can be predicted in practice through the
use of a finite element model or design method, that have been validated by experimental
testing, and provided results within an acceptable level of accuracy. This would ensure a
safer working environment for those who are involved in demolition.
The following summarize regarding the experimental program:
• The end bearings used in the experimental setup were able to successfully simulate the
behaviour of a pinned column about the weak axis. The end bearing was able to ensure
that the geometrical centre of the cylinder was located on the centre line at the end of the
column. This ensured that the effective length of the column would be equal to the actual
length of the column.
• During practice a flame torch is mostly used. However, in order to accurately investigate
the effect of the double window cut and the triangular window cut the cuts were applied
by means of a drilling machine, according to a set template. This ensured that the all the
cuts were within an accuracy of 2 mm.
• Each of the columns were measured to quantify the initial geometric imperfections. In
general was an imperfection shape obtained that corresponded to the 1st eigenmode. For
the magnitude of these imperfections, it was found that the largest imperfection recorded
was about 1.1 mm. This corresponded to the tolerance of L/1000 that were used in the
FE models. In practice can it be suggested to use an imperfection of L/1000.
• Two techniques can be used for the alignment of the columns. The one involved the use
of strain gages at each corner and ensuring that all the corners readings were within 5 %
of the average strain. The other method involved centering the column through lining up
the centre line along the bearing to the centre of the flanges. The second method has been
adopted and provided satisfactory results.
• Tension coupon test were conducted for each of the 13m sections according to the SANS
6892:2011. The flanges (4 coupons) and the web (3 coupons) were tested. These tests
were preformed to obtain the yield stress, fy, ultimate stress, fu and the Elastic Modulus
E. Satisfactory results were obtained according to the SANS 50025-2:2009. The results
were used in the FE models and the design methods.
Concerning the FE modelling of the weakened columns, the following was noted:
• The cross-sectional properties between the FE modal and the sections that were tested
corresponded well even though the radii was not included in the FE models. The St.
Venant’s torsion constant (J) was however far lower for the FE model when compared to
the IPE200 sections value. This constant would not have had a direct influence on the
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buckling capacity of the sections. However, torsional buckling could occur in the cuts that
were applied, resulting in a reduced predicted axial load capacity.
• A sensitivity analysis conducted on the size of the mesh proved that the effect on the
control column was negligible, as also found by Chung Thi Thu Ho, (2010). For the
double window cut and triangular window cut the effect was at most 3 %. For this thesis
a mesh size of 10 mm has been used.
• A sensitivity analysis was also conducted on the size of the load increments. As the size of
the load increments increased key events in the response of the column were not identified
and the load capacity of the column could be miscalculated. For this thesis increments of
0.01 has been used.
• The effect of the initial geometric imperfection on the axial load capacity is important
to consider. A sensitivity study highlighted that the load capacity is dependant on the
imperfection factor and its magnitude. A small imperfection, less than L/1000, had an
insignificant effect, however for columns with a imperfection of L/100 the failure load
decreased up to 30 %. The first eigenmode shaped provided the most conservative axial
failure load. For this reason the first eigenmode shaped was used as the imperfection shape
along with a magnitude of L/1000.
• The preliminary validation showed that the SANS 10162-1 compression load calculations
under-estimated the failure load of the columns. On the other hand Eurocode 3-1-1 com-
pression load calculations showed good agreement. The was due to the five different
buckling curves that were available in the EN 3-1-1, with the one selected matching meas-
ured imperfections. The experimental results also agreed well with the EN 3-1-1 and the
FE models.
The following can be concluded regarding the proposed design method:
• The failure of the double window cut and the triangular window cut is governed by a sub-
column that forms within the column. This sub-column is analysed as a small T-section
due to the cuts being applied 7.5 mm from the face of the flange.
• The FE models indicated that an axial force and a moment developed within the sub-
column. The axial force in the two sub-columns for the double window cut differed at most
by 7 %, which could have been due to initial geometric imperfections. For the triangular
window cut the difference in the axial force between the two sub-columns differed by 4 %
and higher. This was due to the shorter sub-column (sub-column A) having a higher
stiffness. The moment was determined by initially obtaining the stresses, at the Simpson’s
integration points, through the thickness of the flange and web. These stresses were then
used to calculate the moment about the plastic neutral axis. The moment obtained in
the sub-columns was between 50 and 60 % of the moment capacity. This observation was
essential when taking into account that previous work did not identify this moment and
could significantly reduce the axial capacity of a weakened column.
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• The effective length factor (K) was set to 1.0 for the sub-column in the double window cut,
assuming that both ends were fixed against rotation with the top end free to translate. For
the triangular window cut the effective length factor (K) for the sub-column was set to 0.5,
assuming that both ends were fixed against rotation and translation. These assumptions
are based on the failure mode observed from the experimental tests and the FE models.
• The elastic criteria for a member that resists both a bending moment and axial force has
to meet the following interaction criterion:
Cu
Cr
+ Mu
Mr
≤ 1.0 (7.1)
The lowest proportion, however, obtained according to the SANS 10162-1 and EN 3-1-1
were 1.4 and 1.2, respectively. This was due to strain hardening not being included and a
plastic-elastic cross section.
• One of the main objectives for this investigation has been to develop a design method
that can be used in practice. In practice it is not possible to determine the exact axial
load and especially the moments that develop within the sub-columns. After plotting the
sub-columns axial load as a proportion of the axial capacity load, against the moment
as a proportion of the plastic moment capacity was it observed that if the moment was
unknown the capacity of the column could still be safely determined. This was achieved by
reducing the capacity of the sub-column by using a reduced axial capacity factor (RACF).
These RACF’s could only be used up to a slenderness of 85. For a slenderness higher than
85 global buckling in the column will govern and can the column be design according to
the design codes, excluding the cut. This provides the following design equation:
Cu
Cr
≤ RACF if L/r ≤ 85 (7.2)
With:
Cu is the axial applied load
Cr is the axial resistance which is calculated as follow:
∗ For a double window cut
· Effective length of the sub-column, K = 1
· Axial resistance double the capacity of sub-column
∗ For a triangular window cut
· Effective length of the sub-column, K = .5
· Axial resistance double the capacity of longest sub-column (sub-column B,
refer to Section 5.4)
W.J. van Jaarsveldt Stellenbosch University
Stellenbosch University  https://scholar.sun.ac.za
Chapter 7. Project summary and conclusions 100
Table 7.1: Reduced axial capacity factor (RACF) for design codes
Cut SANS 10162 EN 3-1-1
Double window 0.9 0.8
Triangular window 0.8 0.75
The comparison of the results obtained for the FE models, design methods and the experimental
results can be summarized as follow:
• The tests results obtained for the control columns agreed well with the FE models. The
difference between the two were less than 8 %. This indicated that the end bearings used
during the experimental setup were able to successfully simulate the behaviour of a pinned-
end column. For the design codes, the FE models and the experimental results remained
higher than SANS 10162 over the entire slenderness. For the EN 3-1-1 curve a buckling
curve of a0 has been used to best fit the curve of the FE models and the experiments.
• The results obtained for the double window cut indicated that the cut can reduce the
capacity of a column by up to 50 %. The difference between the FE models and the
experimental results were less than 7 %. These models were then used to extrapolate
results to apply to various lengths. From these additional data points was it observed
that the capacity of the column was not influence by the slenderness of the column, which
verified the proposed design method, up until global buckling occurs.
• The FE models were able to simulate the failure behaviour of the double window cut.
Throughout the FE model steps and during the experiments it were observed that the cut
in the web remains open. Indicating that the diagonal cut was necessary for the section
to freely displace to the side causing a P-∆ effect and a change in the effective length of
the sub-column. The failure of the column, however, was due to the buckling of the two
sub-columns.
• The results obtained for the triangular window cut indicated that the cut can reduce the
capacity of the up to 40 %. The difference between the FE models and the experimental
results were less than 10 %. From extrapolated FE results data points at higher slenderness
also indicated that the capacity of the column was not influenced by the slenderness ratio
of the column, up until global buckling occurs.
• The FE models were also able to simulate the behaviour of the triangular window cut.
The yield patterns that developed in the sub-column in the FE models corresponded to
the patterns obtained in the whitewash during the experiments.
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7.2 Further research
In conclusion with the results that were obtained the following recommendations regarding
further research to increase the knowledge in understanding how weakened columns behave and
predicting its loading capacity can be summarized:
• The initial geometric imperfection after the cut has been applied could not be exactly
measured. These imperfections could be measured using more accurate equipment in
order to obtain the effect of the cuts.
• The residual stresses within the column were unknown due to the cuts that were applied
to the columns. These stresses could be measured and used in the FE models for more
accurate results.
• The effect of the radii that were excluded during the FE models can be invested using
solid elements.
• Larger sections could not be tested due to the testing machine that was available. Addi-
tional tests should be conducted on larger sections in order to fully validate the FE models
and the theoretical method.
• The cuts were applied to the columns through the use of a cutting drill bit which insured
an accuracy of 2 mm. In practice the cuts are applied by using an flame torch. Additional
test should be conducted to determine the effect of cutting method.
• For the proposed design method were the a0 buckling curve used, to match the measured
imperfections. However, in practice is not all columns always very straight. Additional
tests should be conducted on columns with an higher initial geometric imperfection and
compared to the different buckling curves that are available in the EN 3-1-1.
7.3 Concluding statement
To date, the capacity of weakened columns are only based on experience obtained from previous
projects and less focused on strict theoretical principles. This causes great safety implications,
such as buildings collapsing during the weakening process. Therefore, the objectives of this study
were to develop a FE model and a design method that can be applied in practice. The FE model
can be used in practice to accurately determine the axial load capacity of the weakened columns
in a building, due to the double window cut or the triangular window cut. The design method on
the other hand can be used to safely determine the axial load capacity of the weakened columns
in the building, with the minimal amount of effort. These two methods, therefore, can be used
in practice to insure the safety of workers in the demolition engineering practice.
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Appendix A
Detail drawing of experimental setup
The following CAD drawing are presented in this appendix:
• DWG 1: Drawing of end-bearing
A1
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Appendix A. Detail drawing of experimental setup A2
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Appendix B
Geometric imperfection and dimensions
of test specimens
This chapter presents the geometric imperfections and the dimensions of the 45 test specimens,
recorded during the experimental investigation. The data was measured as described in Sec-
tion 3.4.3.
B1
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Appendix B. Geometric imperfection and dimensions of test specimens B2
Geometric imperfection of test specimens
Table B.1: Recorded initial geometric imperfection for IPE200
Measured points
along column height (m)
Imperfections (mm)
Control Double window Triangular window
0 0 0 0
0.475 0.38 0.43 0.62
0.95 0.46 0.72 0.73
1.425 0.33 0.56 0.46
1.9 0 0 0
0 0 0 0
0.35 0.38 0.46 0.75
0.70 0.45 0.75 0.68
1.05 0.24 0.28 0.64
1.40 0 0 0
0 0 0 0
0.25 0.28 0.48 0.23
0.5 0.62 0.52 0.42
0.75 0.35 0.32 0.36
1 0 0 0
W.J. van Jaarsveldt Stellenbosch University
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Appendix B. Geometric imperfection and dimensions of test specimens B3
Table B.2: Recorded initial geometric imperfection for 152x152x30
Measured points
along column height (m)
Imperfections (mm)
Control Double window Triangular window
0 0 0 0
0.475 0.4 0.3 0.42
0.95 0.53 0.62 0.58
1.425 0.3 0.53 0.32
1.9 0 0 0
0 0 0 0
0.35 0.26 0.4 0.82
0.70 0.24 0.62 0.45
1.05 0.32 0.2 0.3
1.40 0 0 0
0 0 0 0
0.25 0.23 0.52 0.15
0.5 0.3 0.65 0.23
0.75 0.28 0.54 0.18
1 0 0 0
W.J. van Jaarsveldt Stellenbosch University
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Appendix B. Geometric imperfection and dimensions of test specimens B4
Table B.3: Recorded initial geometric imperfection for IPE160
Measured points
along column height (m)
Imperfections (mm)
Control Double window Triangular window
0 0 0 0
0.475 0.23 0.32 0.46
0.95 0.47 0.49 0.81
1.425 0.38 0.61 0.64
1.9 0 0 0
0 0 0 0
0.35 0.23 0.57 0.37
0.70 0.47 0.68 0.84
1.05 0.31 0.43 0.67
1.40 0 0 0
0 0 0 0
0.15 0.38 0.43 0.38
0.3 0.43 0.48 0.43
0.45 0.35 0.40 0.48
0.6 0 0 0
W.J. van Jaarsveldt Stellenbosch University
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Appendix B. Geometric imperfection and dimensions of test specimens B5
Table B.4: Recorded initial geometric imperfection for 152x152x23
Measured points
along column height (m)
Imperfections (mm)
Control Double window Triangular window
0 0 0 0
0.475 0.37 0.26 0.44
0.95 0.47 0.76 0.59
1.425 0.21 0.7 0.11
1.9 0 0 0
0 0 0 0
0.35 0.33 0.42 0.86
0.70 0.2 0.74 0.87
1.05 0.5 0.13 1
1.40 0 0 0
0 0 0 0
0.25 0.12 0.64 0.1
0.5 0.11 0.7 0.17
0.75 0.12 0.5 0.05
1 0 0 0
W.J. van Jaarsveldt Stellenbosch University
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Appendix B. Geometric imperfection and dimensions of test specimens B6
Table B.5: Recorded initial geometric imperfection for IPE160 (Second IPE160 tested)
Measured points
along column height (m)
Imperfections (mm)
Control Double window Triangular window
0 0 0 0
0.475 0.13 0.20 0.68
0.95 0.30 0.31 1.06
1.425 0.39 0.70 0.85
1.9 0 0 0
0 0 0 0
0.35 0.16 0.20 0.70
0.70 0.22 0.74 0.75
1.05 0.10 0.60 0.41
1.40 0 0 0
0 0 0 0
0.25 0.45 0.22 0.10
0.5 0.91 0.74 0.53
0.75 0.65 0.90 0.42
1 0 0 0
W.J. van Jaarsveldt Stellenbosch University
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Appendix B. Geometric imperfection and dimensions of test specimens B7
Dimensions of test specimens
The following tables presents the dimensions obtained for each of the sections. The columns
height, web thickness and flange thickness is initially presented. The dimensions of the cut for
the double window cut and the triangular window cut is then presented, as shown in Figure B.1.
f1
h
1
h
2
f2
(a) Double window cut
f1
h
1
h
2
f2
(b) Triangular window cut
Figure B.1: Dimensions of the window cuts in mm
Table B.6: Recorded dimensions of IPE200
Average dimensions (mm)
Column properties Double window cut Triangular window cut
Section
h tf tw h1 f1 h2 f2 h1 f1 h2 f2
1005 8.2 5.6
1401 8.4 5.8Control
1900 8.3 5.7
1002 8.4 5.6 149.3 8.2 151.0 8.3
1400 8.3 5.7 148.0 7.2 148.0 7.6
Double
window
cut 1901 8.2 5.7 151.5 9.0 149.3 8.3
1001 8.2 5.6 198.0 8.8 29.0 6.5
1402 8.2 5.7 198.8 8.2 31.0 8.3
Triangular
window
cut 1900 8.3 5.6 199.0 7.1 32.0 7.9
W.J. van Jaarsveldt Stellenbosch University
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Appendix B. Geometric imperfection and dimensions of test specimens B8
Table B.7: Recorded dimensions of 152x152x30
Average dimensions (mm)
Column properties Double window cut Triangular window cut
Section
h tf tw h1 f1 h2 f2 h1 f1 h2 f2
1000 9.1 6.6
1401 9.2 6.5Control
1901 9.1 6.4
1010 8.8 6.4 150.5 8.3 149.3 7.3
1401 8.9 6.9 151.1 8.5 149.0 9.0
Double
window
cut 1901 8.9 6.6 150.4 9.0 151.8 8.8
1000 9.1 6.4 198.0 8.6 32.0 7.8
1401 8.9 6.5 197.0 8.0 32.0 7.5
Triangular
window
cut 1901 9.0 6.6 197.0 7.3 31.0 7.7
Table B.8: Recorded dimensions of IPE160
Average dimensions (mm)
Column properties Double window cut Triangular window cut
Section
h tf tw h1 f1 h2 f2 h1 f1 h2 f2
601 6.8 5.5
1400 6.9 5.6Control
1899 6.8 5.5
600 6.9 5.5 150.4 7.3 150.2 8.6
1401 6.8 5.5 149.0 6.9 150.6 7.5
Double
window
cut 1901 6.8 5.5 150.8 6.9 152.0 8.4
600 6.9 5.7 196.0 6.8 32.0 9.0
1400 6.8 5.6 196.0 7.3 30.2 8.6
Triangular
window
cut 1900 6.7 5.5 198 7.1 31.3 7.9
W.J. van Jaarsveldt Stellenbosch University
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Appendix B. Geometric imperfection and dimensions of test specimens B9
Table B.9: Recorded dimensions of 152x152x23
Average dimensions (mm)
Column properties Double window cut Triangular window cut
Section
h tf tw h1 f1 h2 f2 h1 f1 h2 f2
1001 9.2 6.1
1400 9.3 6.5Control
1902 9.2 6.3
1001 9.2 6.4 151.0 7.4 151.2 7.5
1403 9.4 6.4 194.3 6.8 150.6 7.2
Double
window
cut 1904 9.2 6.5 150.2 7.1 151.0 7.3
1000 9.4 6.1 198.0 7.3 31.0 7.6
1400 9.3 6.6 196.0 7.3 30.6 7.8
Triangular
window
cut 1900 9.3 6.3 199 7.1 32 7.2
Table B.10: Recorded dimensions of IPE160 (Second IPE160 tested)
Average dimensions (mm)
Column properties Double window cut Triangular window cut
Section
h tf tw h1 f1 h2 f2 h1 f1 h2 f2
1001 6.6 5.6
1403 6.8 5.5Control
1901 6.5 5.6
1000 6.8 5.4 150.3 7.5 150.3 8.4
1403 6.7 5.5 150.0 7.3 151.0 7.8
Double
window
cut 1900 6.8 5.6 149.0 7.6 149.0 7.9
1000 6.9 5.7 198.0 6.9 31.0 7.8
1403 6.8 5.7 200.0 7.5 30.6 7.0
Triangular
window
cut 1898 6.7 5.5 199 7.66 31 7.5
W.J. van Jaarsveldt Stellenbosch University
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Appendix C
Tensile coupon tests results according to
SANS 6892:2010
This chapter initially present the dimensions of the coupons that were tested. Thereafter will
the results of the coupons for each of the sections irrespectively be presented.
Coupon test dimensions
The coupon were prepared according to the SANS 6892:2010 (SABS 6892-1, 2010) and the
dimensions of the coupons were as follow:
Table C.1: Tensile test coupon dimensions in mm
Width, b0 Original gauge length, L0 Minimum parallel length, Lc Approximately total length, Lt
30 76.5 90 320
Figure C.1: Machined test piece according to SANS 6892-1:2011 (SABS 6892-1, 2010)
C1
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Appendix C. Tensile coupon tests results according to SANS 6892:2010 C2
Coupon tests results
The tensile tests results of the sections is as follow:
Table C.2: Coupon test results for IPE200
Specimen Yield stress, fy (MPa) Ultimate stress, fu (MPa) E-Modulus (GPa)
Flange 1 403 546 216
Flange 2 407 552 200
Flange 3 393 546 180
Flange 4 395 552 205
Average 400 549 200
Web 1 432 552 201
Web 2 443 560 216
Web 3 423 556 217
Average 433 556 211
Table C.3: Coupon test results for 152x152x30
Specimen Yield stress, fy (MPa) Ultimate stress, fu (MPa) E-Modulus (GPa)
Flange 1 380 511 198
Flange 2 375 504 197
Flange 3 391 520 180
Flange 4 380 500 198
Average 382 509 193
Web 1 415 518 206
Web 2 426 520 215
Web 3 403 520 208
Average 415 519 210
W.J. van Jaarsveldt Stellenbosch University
Stellenbosch University  https://scholar.sun.ac.za
Appendix C. Tensile coupon tests results according to SANS 6892:2010 C3
Table C.4: Coupon test results for IPE160
Specimen Yield stress, fy (MPa) Ultimate stress, fu (MPa) E-Modulus (GPa)
Flange 1 420 555 204
Flange 2 424 552 220
Flange 3 403 541 193
Flange 4 419 561 203
Average 417 552 205
Web 1 451 570 210
Web 2 446 570 212
Web 3 446 566 201
Average 448 568 208
Table C.5: Coupon test results for 152x152x23
Specimen Yield stress, fy (MPa) Ultimate stress, fu (MPa) E-Modulus (GPa)
Flange 1 395 547 221
Flange 2 546 546 202
Flange 3 406 546 205
Flange 4 377 534 199
Average 431 543 207
Web 1 388 539 192
Web 2 392 555 200
Web 3 423 564 208
Average 401 553 200
W.J. van Jaarsveldt Stellenbosch University
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Appendix C. Tensile coupon tests results according to SANS 6892:2010 C4
Table C.6: Coupon test results for IPE160 (Second IPE160 tested)
Specimen Yield stress, fy (MPa) Ultimate stress, fu (MPa) E-Modulus (GPa)
Flange 1 401 560 191
Flange 2 389 552 201
Flange 3 401 563 206
Flange 4 406 562 198
Average 399 559 199
Web 1 457 583 200
Web 2 592 592 230
Web 3 455 587 202
Average 501 587 211
W.J. van Jaarsveldt Stellenbosch University
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Appendix D
Comparison between actual properties
and FE model
This appendix contains a comparison between the actual section properties, which include the
radii, to the finite element model properties, which does not include the radii. The difference
between the section properties is at most 5 %, except for the St. Venant’s torsion (J) which
shows a difference of 29.5 %.
D1
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Appendix D. Comparison between actual properties and FE model D2
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Appendix E
Axial forces and moments obtained from
FE models
This chapter presents the axial force and moment, that develop in the sub-column, obtained
from the FE models.
Axial forces in sub-columns
This section presents the axial force, obtained form the FE models, for the two sub-columns
that formed in the column for the double window cut and the triangular window cut.
Table E.1: Axial load in sub-column A and B, Section - IPE 200
Column height
(m)
Double window cut (kN)
Sub-column A Sub-column B
1.9 289 280
1.4 316 331
1 347 347
Column height
(m)
Triangular window cut (kN)
Sub-column A Sub-column B
1.9 283 278
1.4 340 333
1 355 299
E1
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Appendix E. Axial forces and moments obtained from FE models E2
Table E.2: Axial load in sub-column A and B, Section - 152x152x30
Column height
(m)
Double window cut (kN)
Sub-column A Sub-column B
1.9 440 448
1.4 439 466
1 499 496
Column height
(m)
Triangular window cut (kN)
Sub-column A Sub-column B
1.9 528 502
1.4 532 448
1 538 465
Table E.3: Axial load in sub-column A and B, Section - IPE 160
Column height
(m)
Double window cut (kN)
Sub-column A Sub-column B
1.9 164 153
1.4 204 203
0.6 223 223
Column height
(m)
Triangular window cut (kN)
Sub-column A Sub-column B
1.9 157 153
1.4 217 211
0.6 246 214
W.J. van Jaarsveldt Stellenbosch University
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Appendix E. Axial forces and moments obtained from FE models E3
Table E.4: Axial load in sub-column A and B, Section - 152x152x23
Column height
(m)
Double window cut (kN)
Sub-column A Sub-column B
1.9 240 283
1.4 293 314
1 302 301
Column height
(m)
Triangular window cut (kN)
Sub-column A Sub-column B
1.9 375 359
1.4 386 371
1 393 372
Table E.5: Axial load in sub-column A and B, Section - IPE 160 (Second IPE 160 tested)
Column height
(m)
Double window cut (kN)
Sub-column A Sub-column B
1.9 161 149
1.4 207 206
1 234 234
Column height
(m)
Triangular window cut (kN)
Sub-column A Sub-column B
1.9 155 151
1.4 220 213
1 242 200
W.J. van Jaarsveldt Stellenbosch University
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Appendix E. Axial forces and moments obtained from FE models E4
Moment in sub-column
This section presents the moment, obtained form the FE models, for the sub-column that formed
in the column for the double window cut and the triangular window cut.
Table E.6: Moment in smaller column, Section - IPE 200
Column height
(m)
Moments in double
window cut (kNm)
Moments in triangular
window cut (kNm)
FE model Theoretical FE model Theoretical
1.9 0.50 0.87 0.40 0.89
1.4 0.56 0.88 0.48 0.86
1 0.55 0.87 0.55 0.87
Table E.7: Moment in sub-column, Section - 152x152x30
Column height
(m)
Moments in double
window cut (kNm)
Moments in triangular
window cut (kNm)
FE model Theoretical FE model Theoretical
1.9 0.70 1.34 0.69 1.34
1.4 0.74 1.34 0.75 1.35
1 0.73 1.35 0.74 1.34
Table E.8: Moment in sub-column, Section - IPE 160
Column height
(m)
Moments in double
window cut (kNm)
Moments in triangular
window cut (kNm)
FE model Theoretical FE model Theoretical
1.9 0.22 0.44 0.16 0.46
1.4 0.28 0.48 0.23 0.48
0.6 0.31 0.50 0.29 0.46
W.J. van Jaarsveldt Stellenbosch University
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Appendix E. Axial forces and moments obtained from FE models E5
Table E.9: Moment in sub-column, Section - 152x152x23
Column height
(m)
Moments in double
window cut (kNm)
Moments in triangular
window cut (kNm)
FE model Theoretical FE model Theoretical
1.9 0.40 0.81 0.38 0.84
1.4 0.41 0.83 0.38 0.80
1 0.42 0.81 0.39 0.81
Table E.10: Moment in sub-column, Section - IPE 160 (Second IPE 160 tested)
Column height
(m)
Moments in double
window cut (kNm)
Moments in triangular
window cut (kNm)
FE model Theoretical FE model Theoretical
1.9 0.21 0.47 0.18 0.50
1.4 0.29 0.46 0.24 0.48
1 0.30 0.50 0.30 0.50
W.J. van Jaarsveldt Stellenbosch University
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Appendix F
Results obtained from experiments, FE
models, design codes
This chapter presents the results, obtained from the experiments, FE models and the proposed
design method according to the SANS 10162 and EN 3-1-1, for the control sections, double
window cut and the triangular window cut. The cells that are coloured in with red, are test
results that were far above the FE models, due to the end bearings behaving semi-fix instead of
pinned. This behaviour only occurred for 3 out of the 45 tests that were conducted. The cells
that are coloured in with blue indicated the columns with an effective length of higher than 85,
therefore can the column be sign as a normal column, excluding the effect of the cut.
F1
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Appendix F. Results obtained from experiments, FE models, design codes F2
Control Section
Table F.1: Results obtained for the control sections
Section - IPE 200Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
1 1033 1043 964 1079
1.4 951 875 770 931
1.9 623 610 554 644
Section - 152x152x30Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
1 1505 1504 1424 1460
1.4 1516 1462 1331 1419
1.9 1349 1344 1172 1340
Section - IPE 160Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
0.6 832 842 767 806
1.4 625 503 454 547
1.9 360 330 303 337
Section - 152x152x23Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
1 1141 1101 1108 1139
1.4 1126 1089 1030 1104
1.9 960 995 899 1037
Section - IPE 160 (Second IPE 160 tested)Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
1 643 687 524 742
1.4 487 501 454 545
1.9 349 316 301 331
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Appendix F. Results obtained from experiments, FE models, design codes F3
Double window cut
Table F.2: Results obtained for double window cut
Section - IPE 200Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
1 651 694 603 548
1.4 616 647 622 549
1.9 546 569 630 550
Section - 152x152x30Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
1 931 1000 770 784
1.4 931 904 777 789
1.9 919 888 752 769
Section - IPE 160Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
0.6 469 445 374 382
1.4 419 407 320 339
1.9 341 317 352 363
Section - 152x152x23Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
1 594 603 530 562
1.4 586 607 597 585
1.9 512 522 521 576
Section - IPE 160 (Second IPE 160 tested)Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
1 449 468 413 420
1.4 350 412 412 422
1.9 326 310 392 407
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Appendix F. Results obtained from experiments, FE models, design codes F4
Triangular window cut
Table F.3: Results obtained for triangular window cut
Section - IPE 200Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
1 658 654 603 557
1.4 694 673 624 568
1.9 553 561 630 564
Section - 152x152x30Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
1 1111 1003 770 794
1.4 1114 988 776 769
1.9 984 1044 751 780
Section - IPE 160Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
0.6 437 461 410 402
1.4 459 427 415 407
1.9 388 310 411 402
Section - 152x152x23Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
1 839 765 601 603
1.4 829 757 597 602
1.9 743 734 615 623
Section - IPE 160 (Second IPE 160 tested)Column height
(m) Experiment FE models SANS 10162 EN 3-1-1
1 452 442 438 430
1.4 467 433 428 420
1.9 324 306 424 418
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